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Abstract

These proceedings collate lectures given at the twenty-eighth specialized course organised by the CERN Acceler-
ator School (CAS). The course was held at the Hotel du Parc, Baden, Switzerland from 7 - 14 May 2014, in col-
laboration with the Paul Scherrer Institute. Following introductory lectures on accelerators and the requirements
on power converters, the course covered components and topologies of the different types of power converters
needed for particle accelerators. Issues of design, control and exploitation in a sometimes-hostile environment
were addressed. Site visits to ABB and PSI provided an insight into state-of-the-art power converter production
and operation, while topical seminars completed the programme.
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Preface

The aim of the CERN Accelerator School (CAS) is to collect, preserve and disseminate the knowledge accumu-
lated in the world’s accelerator laboratories over the years. This applies not only to general accelerator physics,
but also to related sub-systems and associated technologies, and to how these are adapted to particular require-
ments. This wider aim is achieved by means of specialized courses currently held yearly. The topic of the 2014
specialized course was Power Converters and was held at the Hotel du Parc, Baden, Switzerland from 7 to 14 May
2014.

The course was made possible through the fruitful collaboration with the Paul Scherrer Institute in Villigen,
Switzerland, in particular through the efforts of Lenny Rivkin, René Kiinzi, Marlen Bugmann and Daniela Lerch.

The backing of the CERN management and the guidance of the CAS Advisory and Programme Committees
enabled the course to take place, while the attention to detail of the Local Organising Committee and the manage-
ment and staff of the Hotel du Parc ensured that the school was held under optimum conditions.

Financial support offered by OCEM, Italy and CAENels, Slovenia allowed scholarships to be offered to de-
serving students who would not otherwise have been able to attend, while both PSI in Villigen and ABB in
Turgi hosted extremely interesting half-day visits. There was also a small industrial exhibition featuring OCEM,
CAELels, Hivolt and Ampegon.

Special thanks must go to the lecturers for the preparation and presentation of the lectures, even more so to
those who have written a manuscript for these proceedings.

The enthusiasm of the 84 participants of 21 nationalities, from institutes in 14 countries, provides convincing
proof of the usefulness and success of the course.

For the production of the proceedings we are indebted to the efforts of Barbara Strasser and to the CERN
E-Publishing Service, especially Valeria Brancolini for her very positive and efficient collaboration.

These proceedings have been published in paper (black and white) and electronic form. The electronic version,
with full colour figures, can be found at https://cds.cern.ch/collection/CERN’%20Yellow%20Reports.

Roger Bailey
CERN Accelerator School


https://cds.cern.ch/collection/CERN%20Yellow%20Reports

Juuiq Juuiq Juuiq Juuiq JuuIq Juuiq 0€:61
[eradg HuuIq R3Mdg | 00:61
J0ISIN 'T unelq ‘H uron 'H Keren Y uoyensiSoy 00:81
a
so1do, yoreasoy
N pue ASofouyoo],
SI0}ONPUOITWIS JOMOJ 1Sd
n s. ggVv jo yuowdooadq Je J19SeT UOINI9[H 991
15918 U0 MITAIIAQ Key-X oy} ‘T SSImMS Aderoy ], uojorg aantoede)
L Jeurug JeuIudg Jeuruag S9O1AQ(J QAISSEJ 00:L1
VAaL VAL VAaL VAL
h: | sury "0 pPpoL'd oqremnod “A-'( o8noIeIA “d 0€91
v SQUIYIRIA
S90BJIOU] SYOO0[IOIU] Kouonbar] mo onouSeN
d pue sjonuo) pue U0100)0IJ J0J SI0}IOAUOD) SIOIAQ(] JAISSEJ A 0€:ST
SuLoydId [ Tzuony] Y [Ny " A owrnyey "W 0¢:S1
a
uonedrddy N v
a hmoﬂu Cﬂm SOVA o) SILIDAUOD) O 14 a
1Sd % sOAV ,wo \5®m>om A4 Ewmmbﬁ— Huu:m Jomod Q—UOE ﬁoﬁ_oumam wuom\wuﬁ— ®>Eo< 0cv1
HONNT je ke HONNT 1 HONNT HONNT HONN'T
Koqreq JeH exonbio) ‘N PPOL ‘g 1[92019d elSnsy q 00:€l
S T
SIO}MOAUO)) SuoneSnI 2 SYS 11
+ 9MO 10] JUSUIAINSLIA a uoneIpey :S[0NU0) $10)10AU0D) O | SI0}IOAUO)) v
syIewoy SuIso[) JUIIND) UOISIOAI] YITH I9}I0AUOD) JOMOJ OPOIN PIYINMS 19M0( Jo uonmugeq 00:21
joumg “d-f joAnog " n eIg °r oyzsewal§ "'d elsnsy 'q A 00:CI
aqav
e o) 11 I 1
sonoeld Keq K109y], SI0JB[NPOJA Ayrend) 1emod SIONIOAUO))
ojup 3] Sumng el uonen3oy X 19M0( 9)BIS PIOS PUR SIOMIAUOD) JOMOJ | 19MO{ JO uonugaq A 00:11
AAAA0D AAAA0D AAAL0D AAAA0D AIA40D
TURuISIA preukoly "L a WP1o3dT [ Korey) v jumg “d-'f A 0€:01
SI0JBIQ[A00Y SIOMIOAUO)) v
10§ SIO}OAUO)) S[00], SI0}IOAUO)) Mo g
0M0g pue spoyeJA uSisoq asing Suog ONA uo syuowdInbay 0€:60
epeiN ‘N zuany qoder °f dryey N Koyreq 0€:60
1
stoyrdwy AnrenQ) 1omod SoISeq 10JRI[O00Y
suonenuIg uSiso( [BWIAY ], eIs prjos 1y pUE SISLIOAUO)) JOMOJ pue uononpoxuy 0€:80
Aep 1 Aep €1 AN T1 AN 11 Kep 01 Aep 6 Aen g Ae L
Aepsaupapg Aepsang, Aepuoy Aepung Aepanjeg Aeprig AepsanyJ, Aepsoupapy uur],

Y102 ‘Ae ¥T - L
ANVTYAZLIMS ‘NIAVE ‘SYILYTANOD YIMOd Y04 INIWVID0Ud



Contents

Preface

R.Bailey ... ... v
Requirements on Power Converters

J-P BUFRET ..o 1
Definition of Power Converters

F Bordry and D. AQUGLIQ . ........... e e 15
Metallized Film Capacitor Lifetime Evaluation and Failure Mode Analysis

R.Gallay ... ... 45
Power Converters and Power Quality

K Kahle .. ... e 57
Electromagnetic Compatibility of Power Converters

AL CRAFOY ... et e e e e e 83

Double-Frame Current Control with a Multivariable PI Controller and Power Compensation for Weak
Unbalanced Networks

D. Siemaszko and A. RUfer . ... ... ... 97
One-Quadrant Switched-Mode Power Converters

R.Petrocelli .. ... ... e 115
Switched Mode Four-Quadrant Converters

YITRUrel ... e 141
Power Converters for Cycling Machines

J-FLBouteille . ... ... e 171
RF Solid State Amplifiers

JoJAcob .. 197
Long Pulse Modulators

JOECKOIdr ... . e 217
Radiation Risks and Mitigation in Electronic Systems

B. Todd and S. Uznanski ......... ... e 245
Passive Power Filters

R KUNZE o e e 265
Risk and Machine Protection for Stored Magnetic and Beam Energies

B. Todd and M. Kwiatkowski . ... ... ... . e 291
Thermal Design of Power Electronic Circuits

R KUNZE e 311
Regulation Theory

FLBOUVEE ..ot e e 329
High Precision Current Measurement for Power Converters

M. Cerqueira Bastos . ...... ..o o 353
Analogue to Digital and Digital to Analogue Converters (ADCs and DACs): A Review Update

JoPICKETING . . .ot 363
Controls and Interfaces

Q. KiNG oo 379
Simulations

NMNGAAQ ..o e e e 395

vii



Power Converters for Accelerators

R. Visintini

Putting it into Practice

J-P. Burnet

List Of PartiCIPants .. ... ...ttt ettt ettt e e et e e e e et e e e

viil



Published by CERN in the Proceedings of the CAS-CERN Accelerator School: Power Converters, Baden, Switzerland,
7-14 May 2014, edited by R. Bailey, CERN-2015-003 (CERN, Geneva, 2015)

Requirements for Power Converters

J.-P. Burnet
CERN, Geneva, Switzerland

Abstract

This paper introduces the requirements for power converters needed for
particle accelerators. It describes the role of power converters and the
challenges and constraints when powering magnets. The different circuit
layouts are presented as well as the operating cycles. The power converter
control and high precision definition are also introduced. This paper lists the
key circuit parameters to be taken into consideration to properly specify a
power converter that can be compiled in a functional specification.

Keywords
Magnet Power supply; power electronics; power converter control.

1 Introduction

Particle accelerators are very special machines that consume a lot of electricity. The main devices
consuming this energy are the magnets and the radio-frequency (RF) systems. It represents from 70%
to 90% of the total energy needed for a machine. The way to power these two main loads is always
special and needs a lot of care to obtain the right performance from the machine, see Fig. 1. The
performance of the power converters directly impacts upon the beam quality, and the requirements for
power converters are outside the range of classical industrial products. This paper will introduce the
power converters needed for particle accelerators, and their main parameters.

Fig. 1: Particle accelerator powering chain
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2 Type of loads

The most popular particle accelerator today is the synchrotron machine. In such machines, a large
number of magnets is used to control the beam and, depending of the type of particle, there may be
many radio-frequency cavities for acceleration, see Fig. 2. This paper will mainly concentrate upon
magnet powering, as radio-frequency powering is covered by another paper.

RADIOFREQUENCY CAVITY

FOCUSING MAGNET
VACUUM CHAMBER —

N
INJECTION__—

b

(&= ]

3 |

—afl  COLLISIONS

Fig. 2: Basic concept of a synchrotron machine

The power converters or power supplies are the devices that take energy from the electrical grid
and transform it to control the flow of energy supplied to the magnets or radio-frequency power
amplifiers. The magnet power converters are always of an AC/DC type.

3 Powering magnets

Different types of magnets are needed for particle accelerators, see Fig. 3. The two main families are
the dipole magnets that bend the beam and the quadrupole magnets that focus the beam. Sextupole
magnets are used to correct the chromaticity, and octupole magnets control the Landau damping.
Particle accelerators also need a lot of small correctors to compensate for local distortion due to
magnet imperfections, alignment, etc.

A synchrotron is composed of a periodic repetition of focus-defocus (FODO) cells. Each cell
contains dipole, quadrupole and sextupole magnets, see Figs. 4 and 5 [1].

[ &

N

Fig. 3: Different magnet types: (a) dipole magnet; (b) quadrupole magnet; (c) sextupole magnet; (d) octupole
magnet.
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_ Quadrupole

Bending Magnel /

Z ol o

Vacuum pumps

Fig. 5: SESAME FODO cell

The magnets are made with a magnetic core (laminated or not) and winding coils. As seen by
the power converters, the magnets are always inductive loads. The equivalent circuit is an inductance
in series with a resistor (due to the resistance of the coils and the DC cables between the power
converter and the magnet).

In a synchrotron the beam energy is proportional to the magnetic field of the dipole magnets.
The magnetic field is generated by the current circulating in the magnet coils, see Fig. 6. To then
control the beam, the operators need to control the current through the magnets.
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iron
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Magnet ->

Magnetic field
current -
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NI= 2x®
Fig. 6: Magnetic field

The main specification for the magnet power converters is high precision control of the current
delivered to the magnets. Typically, the good field region of a magnet is defined within +£10™* AB/B
and the typical performance of the power converter is to control the current to the order of 1073 of the
maximum output current.

The main difficulty is the fact that in a magnet the relation between the current and magnetic
field is not linear due to magnetic hysteresis of the core and the eddy currents, see Fig. 7.

s Magnet field

20 — —
Saturation
Residual 1.5 (Ho, Bo)
Magnetism ——
agnetism 1}
* » R
Classical iron yoke p
0.5

-H

Coersive

/ Force
d ~

(-Ha, -B)

! //
‘%;%,ioo 500 800 1000 | MagneT current
e

-B
Fig. 7: Magnet hysteresis

This problem is one of the major difficulties when operating a synchrotron that is to work with
different beam energies.

3.1 Magnet parameters

A good model of the load is needed to control the current delivered by the power converters. The
transfer function gives the main parameters of the circuit which are inductance and resistance. To
improve control, it is mandatory to include the saturation curve of the magnet to adapt the current loop
parameters depending of the current level, see Fig. 8(b).
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Fig. 8: Magnet model: (a) equivalent circuit of the load (b) inductance value versus current

3.2 Circuit layout

The magnets can be powered individually or in series. The main advantage to powering them
individually is the increase in flexibility of the beam optics. The main drawback is the uncertainty of
the magnetic field between the magnets due to the magnet current history (hysteresis effect). The
global cost is also higher, with more DC cables and more power converters. In some cases it can
become mandatory to split a circuit because of the size of the load becoming too large. For example,
this is the case for the LHC superconducting dipoles and quadrupoles, where the total energy of the
circuit is very huge (8 GJ). The machine was therefore divided into eight sectors, see Fig. 9. Even with
this split, the inductance of one octant is 15 H with a stored energy of more than 1 GJ. This
configuration needs high-precision control of the magnet current as well as excellent tracking of the
magnet current between the eight sectors [2].

4

\ DC Power feed

LHC
27 km Circumference

3= DC Power

Octant

Sector

Fig. 9: Split of the LHC dipole and quadrupole circuits

The classical solution for dipole, quadrupole, and sextupole magnets is to connect all of them in
series. The main advantage is that this suppresses the uncertainty of the magnetic field between
magnets and assures easy control of these circuits. In some cases, trim power converters are needed to
adapt the magnetic field locally. This solution is globally the cheapest one, but it requires a large
power converter to power such circuits. As an example, the SPS machine requires a power system of
150 MW to power all of the dipole in series. A special distribution of power sources was chosen to
reduce the common mode voltage applied to the magnets, see Fig. 10.
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In some cases, the creation of nested circuits reduces the cost of the powering system. In a
series of magnets that are powered by a main power converter, some magnets have additional
connections to a trim power converter to adjust their current, see Fig. 11. This creates some difficulties
for the power converter control as the different power converters are coupled by their load. This type
of scheme isn’t recommended due to the induced complexity. However, in some case the savings are
such that it is difficult to avoid this solution [3].

y 4
e-

Supplies

14 SMD power converters
| nominal = 6 kA
U nominal = 25 kV
Peak Power = 150 MW

Load
746 dipole magnets

AN

+
-

Mol

Fig. 10: SPS dipole power system

rﬂ“

ROQX TkaA BY
FINT 7 kA _ .
HCRYYAA H 2; Frae Whes
Diode
ROTX1 G004& 10V ROTH? SkA BY
[ h e " fa o P e e )
~AAN. —L e an i) REA
FERMILAE KEK
MCHA MOXE MACEA
Litimate current : 8980 A Ultimate currant © 12290 A Ultimale currant : B980 A
Inductance : 20.7 mH nductance © 18.5 mH Inductance : 0.7 mH
Storad Enangy at nomina Stored Enargy at nomima Slarad Enargy at nomina
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Fig. 11: LHC inner triplet powering scheme
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3.3 Powering optimization

Powering optimization plays with the magnet parameters, the power converter parameters, and the
circuit layout. For the same integral magnetic field, the magnet can be laid out in different ways. The
magnet parameters are the number of turns per coil, the maximum current, the current density in the
conductor, and the length of the magnet [4].

The number of turns per coil does not influence the total power losses in the magnet. By
increasing the number of turns, the current required decreases linearly. This reduces the losses in the
DC cables and power converters. The drawback is the higher voltage applied to the magnets and the
increased size of the magnet due to insulation.

The magnet’s current density determines the magnet’s losses. The choice is made based on
economic criteria. High current densities result in a small conductor cross-section, but with water
cooling. This reduces the size of the magnet and thus the capital costs, but it requires larger power
converters and gives increased running costs due to the magnet’s losses. By lowering the current
density, the electricity bills can be strongly reduced but at the price of having to invest in larger
magnets, as shown in Fig. 12. A global optimization has to be carried out to find the best economical
solution for the magnets as well as for the power converters.

Air cooled magnet

Water cooled magnet

total
/

capital

running

0.0 T T T T T T
0.0 1.0 2.0 3.0 4.0 5.0 6.0

Lifetime cost

Current density

Fig. 12: The variation in magnet capital cost, running cost, and total lifetime cost versus conductor current
density.

Another way to reduce power consumption is to reduce the time during which the magnets are
powered. This is, for example, the case for linacs and transfer lines where the beam isn’t always
present, see Fig. 13. The idea is to power the magnets only when the beam is present, and this has a
strong impact on electricity consumption. For example, in Linac4, the beam is pulsing at 2 Hz while
the beam is present for 2 ms. The duty is then 0.4%. By pulsing the magnets, when compared to DC
magnets, the savings are enormous (99%). This technique requires special designs for those power
converters where energy storage can be implemented.
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For safety reasons, magnets are isolated from the electrical grid. The power converter needs an
isolation transformer in its topology. Magnets are connected to the ground at one point; they can’t be
left floating with their parasitic capacitances. One polarity can be connected directly to the ground
through a resistor to limit the earth fault current, or via a divider for better voltage sharing, see Fig. 14.
The ground current is monitored and stops the power converter in the case of an earth fault in the DC

circuit.

Thyristor rectifier

AC

DC

Thyristor rectifier

AC

[»]o]

-225KkV +2.25kV
Magnets

2 >
W 4
o~ w
o N
0 ~N
5
- Earth resistor
Z 2
v ©
b -
+
4 2
Ts] ed
o~ o~
o~ ™~
+
Magnets

+225 kVT T 225kV

Fig. 14: An example of earthing the system

Thyristor rectifier

DC

AC

Thyristor rectifier

| bc

AC

For a large number of magnets in series, the arrangement of multiple power sources can be
made so that the common mode voltage of the magnets (any polarity of the magnet to ground) is
reduced, when compared to the total applied voltage in differential mode. As shown in Fig. 14, the
total applied voltage is 9 kV while the maximum common voltage of the magnets is limited to

2.25kV.
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3.5 Magnet protection

The magnets will have an interlock system that requests the power converter to stop in the event of
any faults. For warm magnets, it is quite simple (water flow, thermostat, red button, etc.) For
superconducting magnets, it is quite complex (quench protection, cryogenics, etc.)

In the event of a fault, the magnet current will be stopped but, because the magnets are
inductive loads, the circuit can’t be opened. The power converters assure a freewheeling path to the
current, and the decay time is determined by the time constant of the circuit (L, R). In some cases, an
additional dump resistor is needed to accelerate the discharge time, see Fig. 15.

= e e ———— T — — —— ——
- Ié’:ower Module” Rack | R.cable Magnet
ower Converter b
|| converter off S I |
= Qutput Stage=short-circuit I B
I A-Type = DC-Contactor oes=0pen) E I lDC-Comacmr |n:ccrcl;1 é I?Vo ut
| | B-Type = No DC-Contactor ||(ATypeOnly) G _
vV
l.earth
L= i - I R.E. R.cable
—_— ;

vl.carth
10kQ ‘dcfaull

Fig. 15: Output circuit for magnet protection

3.6  Operation cycle

Magnet operation has a strong impact on the power converter topology and on power converter
ratings. The magnet current cycle has to be defined from the beginning of a project, see Fig. 16.

momentum S
(MeV/c) A injection
100 +
electron
cooling
i electron
cooling ejection
35 T l /
13.7¢ E

>

time
Fig. 16: An example of the ELENA operating cycle

The main parameters to be defined are the minimum and maximum operating current and the
ramp rates. This will define the voltage needed and the topology of the converters. If the applied
current and voltage are always positive, then a one-quadrant converter can be selected. If the current is
always positive but the voltage is bipolar, then the power converter must be of the two-quadrant type.
If the voltage and the current are bipolar, then, a four-quadrant power converter will be required, see
Fig. 17.
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V

magnet

Magnet current operation Power converter type
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= +
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|

magnet
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> converter.

=045 * * 2
Emagner 05*L Imagnet

magnet

Fig. 17: The power converter type depends upon the operating cycle

4 Power converters

The power converter types will be introduced in the following papers. Control of power converter
current is a challenge, and the main principles are described below.

4.1 Power converter control

Power converter performance has to be defined at the beginning of the project, based on the
accelerator’s requirements. The power converters needed for particle accelerators are always of high-
class precision. The term ‘precision’ is only a generic term covering accuracy, reproducibility, and
stability. For each power converter, the requirements depend on the magnet type and function. The
most demanding are the dipole and quadrupole magnets, typically in the order of 1-10 x 107°, while
the performance for corrector magnets are less demanding, typically in the order of 1-10 x 1074,

Power converters are always of the current control type, and the control principle is shown in
Fig. 18. The power converter receives a current reference from the control room that needs to be
executed with precise timing. All of the machine’s magnets need to be synchronized, and a central
timing system is distributed to all power converters and other accelerator devices. The precise
execution of the current reference is one of the most challenging aspects of the control system.

The performance of the current control can be monitored through the tracking error, which is
the ability of the power converter to follow the reference function. The static part of the tracking error
is linked to static performance (accuracy and reproducibility). The dynamic part comes from timing
error and regulation lagging error. All of these requirements lead to a definition for the power
converter controller.

10
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Digital Current loop Aiaseilooe

Regulation.

F(s)

I

measured

Fig. 18: Principle of power converter control

4.2 High precision

To get a high-precision power converter, a device capable of precisely measuring the output current is
needed. The most popular current transducer is the DCCT (Direct-Current Current Transducer) for its

high performance in many different fields, see Fig. 19. It is also classical to install
able to monitor any deviations of the currents between them [5].

DCCTs Hall effect CTs Rogowsky

@ 0a PO =Y

Principle Zero flux detection Hall effect Faraday’s law Faraday’s law
Output Voltage or current Voltage or current Voltage Voltage
; - o
Accura cy B?::vdev:stesi:s;itr:::lza Best devices can  Typically not better Zzlﬁleh(,vﬁ'hb;iﬂ ii;l
o L reach 0.1% than 1% P X €
repeatability integrators
hundreds mA to tens high currents possible,
Ranges 50A to 20kA of kA 50A to 20kA up to 100KA
Bandwidth c[:(r:r;r'::{sz [f)c::r T;Oi:f::r DC up to couple  Typically 50Hz upto Few Hz possible, up to
o hundred kHz a few hudreds of kHz the MHz
lower currents
Isolation Yes Yes Yes Yes
Magnetic .
Error (remanence, external Magnetic Magnetic
sources fields, centering) Burden resistor  (remanence, external Magnetic
: fields, centering,
Burden Tesmtor - Output amplifier magnetizing currgnt) Integrator
(thermal s_ettllng, stability, . (offset stability, linearity,
linearity, tempco) Hall sensor stability Bidenkesaton tempco)

(tempco,
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tempco)
Fig. 19: Difterent types of current transducers
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The performance of the power converter also strongly depends upon the current regulation
control algorithm. The most powerful algorithm is the RST controller, which allows management of
the tracking error as well as regulation, see Fig. 20 [6].

Iref
Current reference

LUN

s |y

d(t)

R

B/A

y(t)

Fig. 20: RST controller

4.3 Power converter ripple

Imeas
Current measurement

In principle, the voltage delivered by a power converter has a ripple that is due to semiconductor
switching. The voltage ripple is generated by the power converter, and it is converted into a magnetic
field ripple through the impedance of the magnet. The maximum magnetic field ripple has to be
determined by the beam quality requirements, and then from the impedance of the magnet the
maximum voltage ripple can be specified, see Fig.21. The impedance of the vacuum chamber,
between the current ripple and the magnetic field ripple, can also be taken into account. Typically, the
vacuum chamber has a filtering effect above 100 Hz. The voltage ripple has to be specified for all
frequencies, see Fig. 22.
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Fig. 22: Example of voltage ripple specification
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REQUIREMENTS ON POWER CONVERTERS

4.4 Functional specification

Before starting the design of a new power converter, a functional specification needs to be approved
between the accelerator physicists and the magnet designers. This functional specification includes:

a short description of the machine;

a description of the loads: magnet layout, magnet parameters, optimization with integral
cost, and energy saving;

a description of the operation duty cycle: machine cycles, minimum and maximum beam
energy, ramp rates, hysteresis management, etc.;

power converter requirements: power converter rating, current precision, current tracking,
control system, energy management, lock-out and safety procedure, infrastructure (layout,
electricity, cooling, handling, etc.);

purchasing and development strategy;
planning;
budget;

resources.

5 Introduction to the main challenges

The design of power converters covers a large range of disciplines. It needs more than one specialist to
build it, it is a team work. The main challenges are listed below:

power:

o power converter topologies;

o semiconductors, switching frequency, thermal design, fatigue while cycling...
o filtering and electromagnetic compatibility (EMC);

o connection to AC grid and robustness to grid perturbations;
o energy management and energy saving;

o protection and safety of the system;

control:

o accuracy class;

o digitalization;

o control loops;

o timing and synchronization;

o control interfaces;

o interlocks with external systems.

References

[1] D. Einfeld, The new upgrade of SESAME, Proc. EPAC2002, Paris, France, 3-7 June 2002,
p. 680, http://accelconf.web.cern.ch/AccelConf/e02/PAPERS/TUPLE027.pdf.

13



J-P. BURNET

[2] LHC design report, Vol. 1, edited by O. Bruning et al., CERN-2004-03 (CERN, Geneva, 2004),
DOT: http://dx.doi.org/10.5170/CERN-2004-003.

[3] F. Bordry, LHC inner triplet powering strategy, Proc. PACO1, Chicago, United States, 18-22
June 2001, p. 633, http://accelconf.web.cern.ch/AccelConf/p01/PAPERS/ROPBO012.pdf.

[4] N. Marks, in Proceedings of the CAS-CERN Accelerator School: Specialised Course on power
Converters, Warrington, United Kingdom, 12-18 May 2004, edited by D. Brandt, CERN-2006-
010 (CERN, Geneva, 2006), pp. 1-12. DOI: htpp://dx.doi.org/10.5170/CERN-2006-010.

[5] G. Fernqvist, IEEE Trans. Instrum. Meas. 48(2) (1999) 462.

[6] F.Bordry, RST digital algorithm for controlling the LHC magnet current, Proc. EP2 Forum ‘98,
Grenoble, France, 21-22 October 1998.

Bibliography

Proceedings of the CAS-CERN Accelerator School: Power Converters for Particle Accelerators,
Montreux, Switzerland, 26-30 March 1990, edited by S. Turner, CERN-1990-007 (CERN, Geneva,
1990), DOI: http://dx.doi.org/10.5170/CERN-1990-007.

Proceedings of the CAS-CERN Accelerator School: Specialised Course on Power Converters,
Warrington, United Kingdom, 12-18 May 2004, edited by D. Brandt, CERN-2006-010 (CERN,
Geneva, 2004), DOI: http://dx.doi.org/10.5170/CERN-2006-010.

14



Published by CERN in the Proceedings of the CAS-CERN Accelerator School: Power Converters, Baden, Switzerland,
7-14 May 2014, edited by R. Bailey, CERN-2015-003 (CERN, Geneva, 2015)

Definition of Power Converters

F. Bordry and D. Aguglia
CERN, Geneva, Switzerland

Abstract

The paper is intended to introduce power conversion principles and to define
common terms in the domain. The concepts of sources and switches are
defined and classified. From the basic laws of source interconnections, a
generic method of power converter synthesis is presented. Some examples
illustrate this systematic method. Finally, the commutation cell and soft
commutation are introduced and discussed.

Keywords
Power converter; power electronics; semiconductor switches; electrical
sources; design rules; topologies.

1 Introduction

The task of a power converter is to process and control the flow of electrical energy by supplying
voltages and currents in a form that is optimally suited for user loads.

Energy conversions were initially achieved using electromechanical converters (which were
mainly rotating machines). Today, with the development and the massive production of power
semiconductors, static power converters are used in numerous application domains and especially in
particle accelerators. Their weight and volume are smaller and their static and dynamic performance are
better.

A static converter is composed of a set of electrical components building a meshed network that
acts as a linking, adapting, or transforming stage between two sources, generally between a generator
and a load (Fig. 1).

1 Control

li lo

—_— e

|7 Power Converter
vi Topologies

\\\\I’l///
= =

Vo

2N\~

£

Electrical energy transfer

<€ >

Fig. 1: Definition of a power converter

An ideal static converter allows control of the power flow between the two sources with 100%
efficiency. A large part of power converter design is the optimization of its efficiency. But as a first
approach and to define basic topologies, it is interesting to take the hypothesis that no losses occur
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through a power converter’s conversion process. With this hypothesis, the basic elements are of two
types:

- non-linear elements that are, most of the time, electronic switches: semiconductors used in
commutation mode [1];

- linear reactive elements: capacitors, inductances (and mutual inductances or transformers). These
reactive components are used for intermediate energy storage but also perform voltage and current
filtering. They generally represent an important part of the size, weight and cost of the
equipment [2, 3].

The objective of this introductory paper is to recall and give a precise definition of basic concepts
essential for the design or understanding of power converter topologies [4]. First, a very simple example
is presented to illustrate the basic principle of modern power electronics converters (switching power
converter). Then the sources and the switches are defined, followed by the fundamental connection rules
between these basic elements. From there, converter topologies are deduced. Some examples of
topology synthesis are then given. Finally, the concept of hard and soft commutation is introduced.

2 The very basic principles of modern power electronics conversion

As a first basic example to illustrate the evolution toward modern power electronics, let us consider a
DC to DC converter that aims to deliver 100 V to a resistive load of 10 Q. The input voltage source
delivers a constant 325 V. Until the 1960s, and still in use in some special applications, a typical
utilization of transistors consisted of operating them in their linear, or active, region. The basic ‘old’
topology for this case is illustrated in Fig. 2. This consists of operating the transistor such that a 225 V
voltage drop across it is ensured. Simplifying, one can say that in this case the transistor is used as a
controllable resistance.

L5V
- S
L8+ — TV =100V
= ontroller
= ia g> Linear driver §R=IOQ
-

V_ =100V

Fig. 2: DC to DC converter using the transistor’s linear, or active, region

Analysing this circuit at this operating point, one can derive the input and the delivered output
powers Pi, and Pou, the losses in the transistor Pr, and the converter efficiency 7, as presented in Eq. (1),

P, =325V x 10A = 3.25kW, (1)
Pyue =100V x 10A = 1kW, )
Pr = Py, — Pyyr = 2.25 kW, 3)
=%=0.3z30%. (4)

Notice that for this particular operating point the efficiency is extremely low. In the general case,
the efficiency can be expressed as in Eq. (5), where the efficiency drastically decreases as Vou decreases,

VZ
out/R

_Pout _ /R _ Vour
- Pin (Vin'Vout)/R Vin (5)

This conversion system produces high losses and needs an over-dimensioned transistor able to
dissipate the losses. Furthermore, the overall dimensions of this power converter shall be large enough
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for being able of evacuating the high losses for a given maximum temperature. This conversion method
is still used in some special applications where high precision or high dynamics is required [5].

The basic principle of modern power electronics lies in the utilization of switches in their ON and
OFF states only, virtually producing no, or very low, losses (losses in switches are described in
Section 4.2, Dynamic characteristics). The basic principle is illustrated in Fig. 3. Between the voltage
source Vi, and the load R, the converter is now composed of a ‘special’ two-position switch and a low-
pass filter. When the switch is in position 1, the input voltage Vi, appears at the low-pass filter input Vs.
When the switch is in position 2, zero volts are applied to Vs. Given a pattern in time of the switch
positions, one derives the pattern of the voltage Vs (chopped or switched voltage). In most applications,
the voltage Vs, with a fluctuation of 100% (from 0 V to Vi,), cannot be directly applied to the load,
therefore a filtering action must be undertaken in order to apply the voltage V; average values to the
load, which is derived in Eq. (6),

1 (T,
Vout = T_Sfos Vin(t)dt = DVyy (6)

where T is the switching period (which defines the switching frequency f), and D is the duty cycle, or
duty ratio, which defines the relative time when the switch is in position 1 with respect to the switching
period T (illustrative definitions are given in Fig. 3). In this case, the regulation of the output voltage is
performed by acting on the duty cycle D.

Special idealized Switch position
2 positions switch
|
1 S
i % g" g +
8 2 2 JE & V_=100V ) \
S () VIg v B| SRloo i -
8 g - % E - time
3 ~y
—
[ | [ 5 A out
Vo nmonrAn
i< > 100V
DT (I-DIT, 0 R
T time

Fig. 3: Idealized switch-mode DC-to-DC converter principle

Thanks to the low losses, modern switch-mode power converters are more efficient and compact.
However several new aspects have to be considered during the design phase. A filtering process is
required, leading to the introduction of the so-called output voltage and current ripples on the load and
voltage, or current, bandwidths. A non-ideal filter is always letting some harmonics pass through the
load. Furthermore, the dynamic characteristics of the power converter (rate of change of current and/or
voltage) is limited by the filter. This trade-off between ripple and bandwidth is a key aspect in the design
and specification process of modern switch-mode power converters.

3 Sources

As mentioned in the introduction, a power converter processes the flow of energy between two sources.
To synthesise a power converter topology, the first step is to characterize these sources. We will see
later that the converter structure can be directly deduced as soon as the sources are defined: voltage or
current sources and their reversibilities.
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In the energy conversion process, a source is usually a generator (often called an input source) or
a load (often called an output source). However, in the case of a change of direction of the energy flow,
i.e. a change in the sign of the power, the sources (generators and loads) can exchange their functions
(i.e. restoration of energy from a magnet back to the grid).

3.1 Nature of sources

3.1.1 Definitions

Two types of sources could be defined: voltage and current sources. As mentioned, any of these sources
could be a generator or a receiver (load).

A source is called a voltage source if it is able to impose a voltage independently of the current
flowing through it. This implies that the series impedance of the source is zero (or negligible in
comparison with the load impedance)

A source is called a current source if it is able to impose a current independently of the voltage
at its terminals. This implies that the series impedance of the source is infinite (or very large in
comparison with the load impedance).

These definitions correspond to permanent properties. The principle of operation of a converter
is based on the switch-mode action of its switches. Commutation of the switches generates very fast
current and/or voltage transients so that the transient behaviour of the sources is of fundamental
importance for the converter design. The transient behaviour of a source is characterized by its ability
or inability to withstand steps in the voltage across its terminal or in the current flowing through it, these
steps being generated by the external circuit. Then new definitions could be stated as below.

- A source is a voltage source if the voltage across its terminals cannot undergo a discontinuity due to
the external circuit variation. The most representative example is a capacitor, since an instantaneous
change of voltage would correspond to an instantaneous change of its charge that would require an
infinite current (Fig. 4(b)).

- A source is a current source if the current flowing through it cannot undergo a discontinuity due to
the external circuit variation. The most representative example is an inductor, since an instantaneous
change in current would correspond to an instantaneous change in its flux that would require an
infinite voltage (Fig. 4(a)).

l | | state variable »
: >

difdt # <= “ Current source “

c J_l V state variable iy ¢
TV =2

E =lev?
c 2

1
E=_112
L2

dvidt # o= “ Voltage source “

Fig. 4: Inductance and capacitor vs. current and voltage source

It should be noted that a square wave voltage generator is indeed a voltage source as defined above
since the voltage steps are not caused by the external circuit. A square wave current generator is indeed
a current source as defined above since the current steps are not caused by the external circuit.

With these definitions, it is interesting to define the notion of instantaneous impedance of a source
as the limit of the source impedance when the Laplace operator tends towards infinity. Theoretically
this instantaneous impedance can be zero, finite, or infinite.
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A source is referred to as a voltage source when its instantaneous impedance is zero, while a
source is called a current source if its instantaneous impedance is infinite.

For example:

Capacitor: Z(s)=1/(C.s), limit Z(s) =0, this leads to a voltage source;
S —> 0

Inductance: Z(s)=L.s, limi(;[ Z(s) = 90, this leads to a current source.
s
3.1.2 Source reversibility

The determination of the source reversibilities is fundamental. We will see that the reversibility analysis
allows the deduction of the static characteristics of the switches.

The voltage (or the current) that characterizes a source is termed DC if it is unidirectional. As a
first approximation, it can be taken as being constant. The voltage (or the current) is termed AC if it is
periodic and has an average value equal to zero. As a first approximation, it can be taken as sinusoidal.

A source is voltage-reversible if the voltage across its terminals can change sign. In the same
way, a source is current-reversible if the current flowing through it can reverse.

In summary, the input/output of a converter can be characterized as voltage or current sources
(generator or loads), either DC or AC, current-reversible and/or voltage-reversible. In total, there are
only eight possibilities, shown in Fig. 5.

+

Duality

Fig. 5: Voltage and current sources with their reversibilities
3.1.3  Source nature modification

Connection of a series inductance with an appropriate value to a voltage source (i.e. a dipole with zero
instantaneous impedance) turns the voltage source into a current source. In the same way, connecting a
parallel capacitor of appropriate value to a current source (a dipole with infinite instantaneous
impedance) turns the current source into a voltage source (Fig. 6).
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Fig. 6: Source nature confirmation or modification
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These inductive or capacitive elements connected in parallel or in series with the source are
elements that can temporarily store energy. Consequently, if an inductance connected to a voltage
source turns it into a current source it is important to determine the current reversibility of this current
source.

In practice the identification of a real generator or of a real load as a voltage or current source is
not obvious. That is the reason why the nature of the source is often reinforced by the addition of a
parallel capacitor in the case of voltage sources and by the addition of a series inductor in the case of
current sources.

Obviously, the current source obtained by connecting an inductance in series with a voltage
source keeps the same current reversibility as this voltage source. The inductance acts as a buffer
absorbing the voltage differences. Consequently the current source obtained by connecting a series
inductance to a voltage source is reversible in voltage. When the voltage source itself is reversible in
voltage there is no particular problem. But, if the voltage source is not reversible in voltage, the current
source obtained by connecting a series inductance to the voltage source is only instantaneously
reversible with respect to voltage.

The former result can easily be transposed to the voltage source obtained by the parallel
connection of a capacitor to a current source. The voltage source obtained keeps the same voltage
reversibility as the current source and is reversible in current. However, this reversibility is only
instantaneous if the current source is not reversible in current.

3.1.4 Example

A set of ideal batteries behaves as a load during charging and as a generator during discharging; such a
source is called a DC voltage source, being current reversible but not voltage reversible. Nevertheless,
because of the inductance of the connecting cables, this battery can sometimes be taken as a current
source that is instantaneously voltage reversible and permanently current reversible. If a capacitor bank
is added at the terminals of the cables, it again becomes a voltage source (Fig. 7).

Cables

N

Battery L L
\‘ u— ©
1

>

Voltage
Source
Current
Source
Voltage
Source

Fig. 7: Modification to voltage or current source

4 Switch characteristics

Static converters are electrical networks mainly composed of semiconductor devices operating in switch
mode (as switches). Through proper sequential operation of these components, they allow an energy
transfer between two sources with different electrical properties.

The losses in the switches should be minimized in order to maximize the efficiency of the
converter. Switches must have a voltage drop (or an ON resistance) as low as possible in the ON state,
and a negligible leakage current (or an OFF resistance) in the OFF state. These two states are defined
as static states.
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The change from one state to the other state (switch commutation) implies transient behaviour of
the switch. These behaviours are complex because they depend on the control of the switch (through a
gate control) and on the conditions imposed by the external circuit.

4.1 Static characteristics

In the static domain a switch has the same behaviour as a non-linear resistance: very low in the ON state
and very high in the OFF state.

Taken as a dipole with the load sign convention (Fig. 8) the static characteristic Jx(V%), which
represents the operating points of a switch, is made up of two branches totally located in quadrants 1
and 3 such that (Vi x Ix) > 0. One of these branches is very close to the /; axis (ON state) and the other
is very close to the V; axis (OFF state). Each of these branches can be located in one or two quadrants.
In the case of an ideal switch, the static characteristics are the half-axis to which they are close.

ON state

Ik

—

Vk

lk

Vk

(short and open circuit are not switches)
OFF state

Fig. 8: Static characteristics of a switch

In this representation, except for the obvious cases of a short circuit and of an open circuit that
correspond respectively to a switch always ON and to a switch always OFF, any switch that really
behaves as a switch (commutation: ON <=> OFF) has a static characteristic consisting of at least two
orthogonal half-axes (or segments).

The static characteristic, an intrinsic feature of a switch, reduces to a certain number of segments
in the (V%) plane.

— Two-segment characteristics: the switch is unidirectional in current and in voltage. Two two-
segment characteristics can be distinguished: in the first case, current /; and voltage Vi have the
same signs; in the second case, current /; and voltage Vi have opposite signs. The switches
having such characteristics are respectively called T and D switches (Fig. 9).

Ik

-
—_—
| Vi
k Ik
Vk Vi
e R et [EE-

Fig. 9: Static characteristics of a two-segment switch

— Three-segment characteristics: the switch is bidirectional either in current or in voltage while
the other is unidirectional. Therefore, there are two types of three-segment static characteristics
(Fig. 10). It should be noted that these two types of switches could be synthesized with the
association in parallel or in series of two-segment switches (T and D).
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Ik

Vk

Dand T
in parallel
D and T in series ’ AE:F

Fig. 10: Static characteristics of a three-segment switch

— Four-segment characteristics: the switch is bidirectional in voltage and in current. There is only
one such type of static characteristic (Fig. 11). A four-segment characteristic could be obtained
by series or parallel connection of switches with three-segment characteristics.

Ik Ik -

Vk

+ - -
== ==l

Fig. 11: Static characteristics of a four-segment switch

4.2 Dynamic characteristics

The dynamic characteristic is the trajectory described by the point of operation of the switch during its
commutation, to go from one half-axis to the perpendicular half-axis. A switch being either ON or OFF,
there are two commutation dynamic characteristics corresponding to the turn-ON and the turn-OFF,
which will be grouped under the global term dynamic characteristics.

Unlike the static characteristic, the dynamic characteristic is not an intrinsic property of the switch
but also depends on the constraints imposed by the external circuit. Neglecting second-order
phenomena, and taking into account the dissipative nature of the switch, the dynamic characteristic can
only be located in those quadrants where Vi x [ > 0 (generator quadrants). For the two commutations
(turn-ON and turn-OFF), two modes are possible: controlled commutation and spontaneous
commutation.

4.2.1 Controlled commutation

The switch has, in addition to its two main terminals, a control terminal on which it is possible to act in
order to provoke a quasi-instantaneous change of state (in the case of a T switch). The internal resistance
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of this switch can change from a very low value to a very high value at turn-OFF (and inversely at turn-
ON). These changes are independent of the evolution of the electrical quantities imposed on the switch
by the external circuit.

It should be noted that, in a controlled commutation, the switch imposes its state on the external
circuit. Under such circumstances, the element can undergo severe stresses that depend on its dynamic
characteristic. If the switching time is long and the operating frequency is high, the commutation losses
can be important.

4.2.2 Spontaneous commutation

The spontaneous commutations correspond to turn-OFF when the current flowing through the switch
arrives at zero and to turn-ON when the voltage applied across its terminals reaches zero. Spontaneous
commutation is the commutation of a simple PN junction (D switch). It is only dependent on the
evolution of the electrical variables in the external circuit. Spontaneous commutations could be achieved
with any controlled semiconductor if the gate control is synchronized with the electrical quantities of
the external circuit. Spontaneous commutation is achieved with minimal losses since the operating point
moves along the axes.

It is important to point out that controlled commutation can only happen in the first or third
quadrants while spontaneous commutation can only happen with a change of quadrant (Fig. 12).

I

* spontaneous commutation no switching
losses
change of quadrant
(auto turn-on ; auto turn-off)
® controlled commutation o
Switching
losses

no change of quadrant
(controlled turn-on ; controlled turn-off)

!

gate

Fig. 12: Spontaneous and controlled commutations
4.3 Classification of switches

Finally, switches used in power converter can be classified by their static characteristics (two, three or
four segments) and by the type of commutation (controlled or spontaneous) at turn-ON and at turn-OFF.

4.3.1 Two-segment switches

Except the open circuit and the short circuit, two switches with two-segment characteristics can be
distinguished (Fig. 13).
— The first of these switches has the static characteristics of switch D, and its turn-ON and turn-

OFF commutations are spontaneous. This switch is typically a diode.

— The second of these switches has the static characteristics of switch T and its turn-ON and turn-
OFF commutations are controlled. Examples are the power semiconductors: metal-oxide
semiconductior field-effect transistors (MOSFET), insulated-gate bipolar transistor (IGBT),
gate tunr-off thyristor (GTO), integrated-gate commutated thyristor (IGCT), etc.
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Type T

Type D

PN junction principle : diode ON I OFF

Fig.13: Dynamic characteristics of two-segment switches

This switch will be symbolized by separating the turn-ON and turn-OFF control gate as shown in
Fig. 13.

A switch with two-segment characteristics similar to the T type (both segments in the same
quadrant), must have controlled turn-ON and turn-OFF commutations. If it would have only one
controlled commutation, it would be necessary to put in series or in parallel a switch D (a diode) to get
the spontaneous commutation. In this case, it is no longer a two-segment switch, but a three-segment
one. Therefore, only two two-segment switches can be used directly.

4.3.2  Three-segment switches
These switches can be divided into two groups depending whether they are:
— unidirectional in current and bidirectional in voltage (Fig. 14);

— bidirectional in current and unidirectional in voltage (Fig. 15).

I I
Vi Vi

Fig, 14: Dynamic characteristics of three-segment switches: bidirectional in voltage
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I
Vi
ON, @

Fig. 15: Dynamic characteristics of three-segment switches: bidirectional in current

Except for the thyristor, all these switches are synthesized switches, realized by connecting a
diode in parallel or in series with a two-segment switch. A special driver is needed to obtain spontaneous
commutation. The ‘dual-thyristor’ (unidirectional in voltage, bidirectional in current, controlled turn-
OFF and spontaneous turn-ON) is a good example of a useful three-segment switch [6, 7].

In each of these two groups, all switches have the same static characteristics but differ with their
commutation mechanisms. It is important to remark that if a three-segment switch has both
commutations controlled (turn-ON and turn-OFF) or both spontaneous, it would never use the three
segments of its static characteristic. Therefore, a three-segment switch must necessarily have one
controlled commutation and one spontaneous commutation.

The cycle of operation, which represents the locus described by the point of operation of these
switches, is then fully determined. They can only be used in converter topologies that impose a single
cycle on the switches during operation.

4.3.3  Four-segment switches

All four-segment switches have the same static characteristic. They differ only by their commutation
modes that can, a priori, differ in quadrants 1 and 3. So, six four-segment switches can be distinguished.

These switches are used mainly in direct frequency changers and in matrix converters; in practice
they are made up of two three-segment switches connected in series or parallel.
5 Interconnection of sources: Commutation rules

To control the power flow between two sources, the operation principle of a static power converter is
based on the control of switches (turn-ON and turn-OFF) with determined cycles creating periodic
modifications of the interconnection between these two sources.

The source interconnection laws can be expressed in a very simple way:
— avoltage source should never be short-circuited but it can be open-circuited;
— a current source should never be open-circuited but it can be short-circuited.

From these two general laws, it can be deduced that switches cannot establish a direct connection
between two voltage sources or between two current sources.
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Fig. 16: Basic interdictions of source interconnection

In the case of two voltage sources, the switch turn-ON can only happen when the two sources
have the same values, that is to say at the zero crossing of the voltage across the switch. The turn-ON
must then be spontaneous (since it depends on the external circuit) and turn-OFF can be controlled at
any time. In the case of two current sources, the switch turn-OFF can only happen when the two current
sources reach the same value, that is to say when the current in the switch reaches zero. In this case, the
turn-OFF is spontaneous and turn-ON can be controlled at any time.

As it is done in day-to-day practise and following the previous arguments, it is obvious that it is
possible to put capacitors in parallel and inductances in series but these elements should be connected
with zero voltage or zero current, respectively.

From the laws state above, it is easy to deduce that the commutation of switches must not
interconnect two sources of the same nature.
6 Structure of power converters

A power converter can be designed with different topologies and with one or several intermediate
conversion stages. When this conversion is achieved without any intermediate stage temporarily storing
some energy, the conversion is called direct conversion and it is achieved by a direct converter. On the
other hand, when this conversion makes use of one or more stages able to store energy temporarily, the
conversion is termed indirect and it is achieved by an indirect converter.

The interdiction to connect two sources of the same nature leads to the consideration of two
classes of basic conversion topologies:

— direct link topology: when the two sources have different natures;
— indirect link topology: when the two sources have the same nature.
6.1 Direct link topology converters

A direct converter is an electrical network composed only of switches and is unable to store energy. In
such a converter, the energy is directly transferred from the input to the output (with the hypothesis that
the losses can be neglected); the input power is at any time equal to the output power.

Taking into account the interconnection rules recalled above, the different possible connections
between a voltage source and a current source are shown in Fig. 17. To get all these connections, the
simplest structure is the four-switches bridge (Fig. 18):

— with K1 and K3 closed, the connection shown in Fig. 17(a) is obtained;
— with K2 and K4 closed, the connection shown in Fig. 17(b) is obtained;

— with K1 and K2 closed (or with K3 and K4 closed), the connection shown in Fig. 17(c) is
obtained.
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(@) . . (©
Switching converter Switching converter Switching converter
v(O) o v() é 1 v() I
\ o v — —
Connection (energy flow between sources) Disconnection

(Current source short-circuited,
voltage source open-circuited)

Fig. 17: Interconnection possibilities between a voltage and a current source. (a) — direct connection; (b) — inverse
connection; (¢) - disconnection with current source in short-circuit.

Switching converter Basic direct conversion topology

- 1 |

K, I K
O _ifer= 7O
|

Fig. 18: Basic configuration of voltage—current direct converter

When some of these connections are not necessary, it is possible to simplify the bridge structure
into structures using fewer switches (i.e. a buck converter).

Energy conversion between an input current source and an output voltage source is the same
problem. The basic configuration is the same but it is more usual to represent the input source on the
left and the output source on the right (Fig. 19).

Basic direct conversion topology Basic direct conversion topology

[ | | |

O FH = 8O-

Fig. 19: Basic configuration of current—voltage direct converter
6.2 Indirect converters

If both sources have the same nature, it is not possible to interconnect them directly with switches. It is
necessary to add components to generate an intermediate buffer stage of a different type without active
energy consumption (capacitor or inductor). This buffer stage is a voltage source (capacitor) if the
energy transfer is between two current sources, and it is a current source (inductance) if the energy
transfer is between two voltage sources.
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6.2.1 Modification of the nature of the input or output source

In the case of voltage—voltage conversion, one solution could be to add an inductance in series with the
input voltage source or with the output voltage source. With this change of the source nature, it is
possible to use a direct converter: a current—voltage or voltage—current converter according to where
the inductance was added (Fig. 20).

s
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2
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S
3 "4 I
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3
>
s
[
2
S __C "4 ! e
i 0/ 9| 8|/ T8
5
Q / "4
5
5
Q
Input Output Input Output

Fig. 20: Indirect converters: modification of the nature of the input or output source. Above one of the voltage
sources need to be modified into a current source. Below one of the current sources need to be modified into a
voltage source.

The case of current—current conversion is similar to the previous case. Therefore, a capacitor
should be added in parallel or in series with the input current source or with the output current source.

6.2.2  Use of two direct converters

If it is not possible or too costly to modify the nature of one source, two direct converters can be
connected with an intermediate buffer stage: an inductance for a voltage—voltage conversion and a
capacitor for a current—current conversion (Fig. 21).

v |V L ! v

— 7/ H =

Inductance buffer

Cc
. 0 -
r

Capacitor buffer

Fig. 21: Indirect converters: intermediate buffer stage, inductive above and capacitive below, between two direct
converters.



DEFINITION OF POWER CONVERTERS

6.2.3  Voltage—voltage indirect converters

In indirect converters, the two voltage sources are never connected directly (see the basic laws described
above). Two sequences are therefore necessary. During the first sequence, the energy is transferred from
the input voltage source to the inductance (voltage to current conversion). During the second sequence,
the inductance gives back the energy to the output voltage source (current to voltage conversion; two
directions are possible) (Fig. 22). An extra switch is necessary to obtain these sequences.

Voltage-Volitage Indirect Converters
A "
\\
vV, Vo OR
' 2
\ VI¢ L%} Vu

Second sequence

First sequence

K1

| y |
Voltage-Voltage Indirect Converters ( K2 /0\ ( Ks
basic configuration \"2 L | |

i /
(K3 (K4

Fig. 22: Voltage—voltage indirect converters. Above the three possible connections between first and second
sequences. Below the corresponding topology.

6.2.4  Current—current indirect converters

In the indirect converters, the two current sources are never connected directly. Then, two sequences
are necessary. During the first sequence, the energy is transferred from the input current source to the
capacitor (current to voltage conversion). During the second sequence, the capacitor gives back the
energy to the output current source (voltage to current conversion; two directions are possible) (Fig. 23).

Current-Current Indirect Converters

o
!
Cc Ii ° C
el g
e o
I b OR 8
4 c go)
% c
O
O
, @
. I 7))
First sequence
| |c
L] |
Current-Current Indirect Converters ( K2 Iy ( K5
basic configuration | K1 @ |

( K3 ( K4
Fig. 23: Current—current indirect converters. Above the three possible connections between first and second
sequences. Below the corresponding topology.

29



F. BORDRY AND D. AGUGLIA

6.3 Conclusions

Figure 24 represents the three basic configurations of all single-phase converters.

| l, |

o <> F: @%) I( )
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| K2 Vv, | K5

O E—O—
( ( K4
H | | K5

(e

S () |

( K3 ( K4
Fig. 24: Three basic structures of single-phase power converters. Voltage to current (and vice-versa) direct
conversion (above), voltage to voltage indirect conversion (in the middle), and current to current indirect

conversion (below).

From these basic configurations, it is possible, according to the nature of the sources, to associate
them or to add other components. For example, in the case where one of the sources is AC, it is possible
to insert a transformer for adaptation or galvanic insulation (Fig. 25).

"
a

N\

|K1 lo
O o

/‘\ z

| K1 Iy
o
( K2

(K1

g

!
v, ( K2

LA

!
K3(

AC

T

T T

&)
A

Fig. 25: Insertion of a transformer in a direct topology

C

It is also possible to associate several basic topologies. One application that is more frequently
used is to have an intermediate stage operating at a high frequency to reduce the size of the transformers
and magnetic elements and to get higher performance at the output (bandwidth, ripple, etc.) (Fig. 26).
Details of magnetic component design are given in Ref. [3].
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() DC-AC AC-DC
converter converter

AC link
(HF)

Fig. 26: Association of elementary structures

Figure 27 illustrates the case of resonant converters [8, 9]. It should be noted that the
interconnection of the various intermediate sources must respect the interconnection laws. It is
especially important for the choice of the output filter.

NI ]
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Voltage ———— = Current » Voltage = Current

10t

L — . — |

Voltage ————  » Current —» Voltage » Current
Fig. 27: Series (above) and parallel (below) resonant converters

7 Power converter classification

Figure 28 is a table summarizing the power conversion topologies. The crossed cells correspond to
reversibility incompatibilities between the input and output sources. Two symmetric cells, with respect
to the diagonal line D, represent two reversible topologies. Two topologies corresponding to two cells
symmetric with respect to the point O are dual.
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Voltage-Voltage
Indirect Converters
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Current-Current
Indirect Converters
1 + \\
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Direct R
Converters 7

Fig. 28: General power conversion table

Figure 29 gives the different types of power converters and their usual names.

Inverter
A A

4
f1# 2 f1=12
frequency direct AC controller
Chopp U converter (transformer)

(cycloconverter)

v a n

Rectifier

Fig. 29: Power converter classification
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8

8.

Synthesis of power converters
1 Synthesis method

A general and systematic method to obtain the power converter topologies is given below.

L.

6.

Determine the natures of the input and output sources. The basic structure can then be chosen
(Fig. 24).

From the specification, deduce the voltage and current reversibilities of the input and output sources
(one configuration from the general table (Fig. 28)).

. From the basic structure, identify the different phases of operation according to the reversibilities

and the energy transfer control. If necessary, simplify the configuration (short-circuit or open
switches).

For the various phases, check the sign of the current through the ON switches and the sign of the
voltage across the OFF switches: the static characteristics /x(V%) of each switches are defined.

. From the specification (desired output current and/or voltage functions), deduce the sequence of the

different phases. For every commutation, represent the working point of each switch before and after
the commutation.

From the static and dynamic characteristics, choose the type of switches (semiconductor type).

8.2 Examples

8.2.1 Non-reversible current chopper

Hypothesis:

A

— power conversion between a voltage source and a current source;
— these two sources are unidirectional in voltage and in current.
Following the steps of the synthesis method:

a direct converter topology can be used;
cell (1,8) of the general table according to the source reversibilities;
Sequence 1 (active phase) and 2 (free wheel phase) from Fig. 30;
the different plots for the four switches for the two sequences are represented in Fig. 30;
from the previous plots, it can be easily deduced that:

— K1 is a controlled two-segment switch (T switch) (Fig. 13);

— K2 is an inverse D switch;

— K3 is a short-circuit;

— K4 is an open-circuit.

The topology of the converter is thus fully determined.
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Fig. 30: Study of a non-reversible current chopper. (a) — sequences 1 and 2 (change in K1, K2, and K4); (b) —

Current-voltage characteristics of each switch for the two sequences; (c) corresponding topology with transistor
and diode.

v

8.2.2 Reversible current chopper
Hypothesis:
— power conversion between a voltage source and a current source;
— the input voltage source is bidirectional in current;
— the output current source is unidirectional in voltage and bidirectional in current.
Following the steps of the synthesis method:
1. a direct converter topology can be used;
cell (2,6) of the general table according to the source reversibilities;

sequence 1 (active phase) and 2 (free wheel phase) of Figs. 30 and 31;

> won

the different plots for the four switches are represented in Fig. 30 for the two sequences for the
transfer of energy from the input source to the output source. Figure 31 represents the analysis of
the brake phase: transfer of energy from the output source to the input source.

5. the analysis of the two phases leads to the determination of the structure presented in Fig. 32.
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Fig. 31: Study of a reversible current chopper: brake phase. (a) — sequences 1 and 2 (change in K1, K2, and K4);
(b) — Current-voltage characteristics of each switch for the two sequences; (c) corresponding topology with
transistor and diode.
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Fig. 32: Structure of reversible current chopper
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8.2.3 Voltage inverter
Hypothesis:
— power conversion between a voltage source and a current source;

— the input voltage source is unidirectional in voltage and bidirectional in current; it is a DC source
of value E.

— the output current source is bidirectional in voltage and bidirectional in current; it is an AC source.
The specification is to get a +F, —F voltage at the output of the converter.

The steps of the synthesis method are followed.
1. A direct converter topology can be used.
2. Cell (2,5) of the general table according to the source reversibilities.

3. The two sequences are shown in Fig. 33.

4. From the analysis of two sequences, it can be deduced that the switches must be bidirectional in
current and unidirectional in voltage. They correspond to three-segment switches (D and T in
parallel; Fig. 10).

5. To represent the working point of each switch, it is necessary to detail the specification. Two cases
are defined according to whether the output voltage is ahead or not of the output current.

ry I
k
| ) |
(Kit2: [ Ke
Vi=E ! @ ! Static
( K2 ( K3 , characteristics of

the switches
v, [

Specifications : +E and —E on the load

|k 1
K1 o _ I(K4 V.=E+ K1 _GOD,, K4

K2 <= (K3

- (KZ = ) K3

1 2
Fig. 33: Sequence of a voltage inverter
8.2.3.1 Case 1: The output voltage is ahead of the output current

For the hypothesis that the output voltage is ahead of the output current, Fig. 34 shows the dynamic
characteristics based on the analysis of the commutation between the two sequences.

It can be easily deduced that the four switches (K1, K2, K3, and K4) should be controlled turn-
OFF and spontaneous turn-ON switches (dual thyristor; Fig. 15).
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Fig. 34: Voltage inverter (Case 1): (a) — output voltage and current; (b) — Switches states for each time period (1a,
1b, 2a, and 2b); (c) - dynamic characteristics of the switches.

The topology of the converter is fully determined and is shown in Fig. 35. It is a zero-voltage-
switching topology (see Section 9).

1ato 1b: D1 to T1 (D3 to T3) : ZVS I

é)? AT A
| /##U — on

L+
2ato 2b: D2 to T2 (D4 to T4) : ZVS
1bt02a:T1 to D2 (T3 10 D4 : OFF command | 3 ¢ 1a: T2 to D1 (T4 to D3) : OFF command

Fig. 35: Voltage inverter (Case 1): converter topology
8.2.3.2 Case 2: The output current is ahead of the output voltage

Identical study can be made if the output current is ahead of the output voltage. Figures 36 and 37
represent the dynamics characteristics of the switches and the deduced topology. It is a zero-current-
switching topology using a thyristor with a reverse diode in parallel (Fig. 15).
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Fig. 36: Voltage inverter (Case 2): (a) — output voltage and current; (b) — Switches states for each time period (1a,
1b, 2a, and 2b); (c) - dynamic characteristics of the switches.
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1ato 1b: T1to D1 (T3 to D3) : 2CS 2ato2b:T2to D2 (T4 to D4): 2CS
1b to 2a : D1 to T2 (D3 to T4) : ON command 2bto 1a: D2 to T1 (D4 to T3) : ON commana

Fig. 37: Voltage inverter (Case 2): converter topology

9 Commutation cell

As presented in the previous chapters, the operation of a static converter can be split into sequences. A
distinctive electrical network characterizes each sequence. The interconnection modifications of the
sources by switches give the electrical networks. In the general case, the modifications are made by
switches, which connect n branches to one. Figure 38 shows an example of a three-way switch.
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Fig. 38: Three-way switch

The network branches connected to these switches must fulfil the connection laws of the sources.
Therefore, it can be deduced that:

— each switch is connected to a voltage source (otherwise opening a switch would result in open-
circuiting a current source);

— the node at the centre of the star is connected to a current source since a voltage source can be
connected only to a current source through a controlled switch;

— ata given time one and only one switch must be ON to avoid connecting two voltages sources
and open-circuiting the current source.

Following these deductions, each commutation mechanism is a sequence of commutation only
involving two switches. Thus, an elementary commutation cell, represented in Fig. 39, could be defined.
The reversibilities of the voltage and current sources determine the static characteristics of the two
switches. The switches need to have static characteristics with the same number of current and voltage
segments. The two switches must be complementary, that is to say if one switch is ON the other one is
OFF and, furthermore, if the turn-ON (turn-OFF) commutation of a switch is controlled, the turn-OFF
(turn-ON) commutation of the other must be spontaneous.

I, lk1

vi Vi1 \ '

O | wr O [y

V2 \

Al K1 and K2 are complementary switches

A2
TVZ

To study a power converter topology, it is always fundamental to isolate all the elementary
commutation cells and to check the complementarities of the switches. Figure 40 represents several
examples of power converter topologies for which the elementary cells were highlighted.

Fig. 39: Elementary commutation cell

Detailed information on commutation cells and on local and system commutation mechanism can
be found in Refs. [9, 10, 13].
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Fig. 40: Elementary cells in power converter examples. (a) — Chopper; (b) — indirect converter with DC voltage
link; (c) — single phase voltage source inverter; (d) — single phase current-source inverter; (¢) — three-phase
voltage-source inverter; (f) — three phase current-source inverter.

10 Hard and soft commutation

In the domain of power conversion, the only available active components were diodes and thyristors.
The topologies had to respect the commutation of these components: i.e. spontaneous turn-OFF of
thyristors. The commutation mechanism was called ‘natural commutation’.

If the spontaneous turn-OFF was not directly fulfilled (especially in the case of DC sources), it
was necessary to add auxiliary circuits with reactive components (inductors and capacitors) and
auxiliary semiconductors. The goal of these circuits was to create the conditions for thyristor turn-OFF.
This commutation mechanism was called ‘forced commutation’.

Power specialists were dreaming of having a power semiconductor with a controlled turn-OFF to
avoid adding complex and costly auxiliary circuits and being limited to the grid frequency. With the
development of the power transistor and the GTO, a new spectrum of topologies was opened. Then,
specialists pushed to get faster components with simple and lighter drivers. From 1985, these
components are available on the market. Power converters with higher power and frequency were then
designed and built. However, the consequence is the management of (very) high dV/dr and d//d¢ with
stress on semiconductors but also on all of the other components. EMC became a constant concern of
power electronics designers. Hard commutation was born! A first approach was to add components
(snubber) to slow down the commutation (series inductor for a controlled turn-ON and a parallel
capacitor for a controlled turn-OFF) and to avoid as much as possible the commutation losses close to
the axes: aided-commutation. To avoid discharging the stored energy of the snubber in the
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semiconductor at the next commutation (inductance energy at turn-OFF and capacitor energy at turn-
ON), it is necessary to add an auxiliary circuit to discharge the snubber energy and then to generate
losses.

The solution to avoid all these problems and be able to use these new fast semiconductors with
lossless snubbers is to have only one controlled command per switch. One commutation is spontaneous
and the other one is controlled. Two types of commutations are possible: zero-voltage switching (ZVS;
Fig. 41) and zero-current switching (ZCS; Fig. 42).
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the turn OFF losses
VCI_“_}<OH I V,

I
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Turn Off control On Off
On : no control; V,
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Fig. 41: Zero-voltage switching principle
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<\ Turn On control
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V, Off : no control;
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Fig. 42: Zero-current switching principle

The spontaneous commutation is lossless and it is easy to limit the losses for the controlled
commutation with a series inductor for ZCS and a parallel capacitor for ZVS. These reactive
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components are naturally discharged for the next commutation, which is a spontaneous commutation.
This commutation mechanism is called soft commutation.

For a power converter topology to obtain the conditions of soft-commutation, the following
conditions must be fulfilled:

— the switches must have three-segment characteristics;
— the characteristics must be entirely described at each period;

— the converter must include reversible source(s) able to provoke the conditions for spontaneous
commutation of the switches at the right instant.

The attractive properties of soft-switching [9, 11] are:
— the large reduction of switching losses;
— the improved reliability due to reduced stress;

— a limited frequency spectrum, which means an advantage with respect to EMI and losses in
passive components;

— a reduction of weight and volume of the components resulting from the higher switching
frequency;

—  a higher bandwidth resulting from the high internal switching frequency;

— integration of parasitic elements in the commutation mechanism (e.g. leakage inductance of the
transformer in the resonant circuit).

The soft-commutation domain has been a key research domain in power electronics in the last
two decades. Numerous papers and conferences can be consulted for more information.

It should be noted that all LHC power converters were designed with soft-commutation
topologies [12, 13, 14].

11 Conclusions

This paper has made an introduction and classification of the basic power converter components:
sources and switches. From interconnection rules of the sources, the direct and indirect power converter
topologies were deduced. A general and systematic method to synthesize was described and illustrated
with examples.

With the fast development of turn-off controllable power semiconductors, the commutation
mechanism becomes more and more important. To improve the performance of converters, frequencies
are increased with the minimization of losses and EMI perturbations. Local treatment of commutation
is no longer possible and it is crucial to design a suitable topology for the commutation of high-
frequency and high-power semiconductors. To reach these goals, it is necessary to create, through the
circuit topology, the turn-ON and turn-OFF conditions for the switches. Soft commutation is certainly
the most appropriate and optimal solution.
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Metallized Film Capacitor Lifetime Evaluation and Failure Mode Analysis
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Abstract

One of the main concerns for power electronic engineers regarding capacitors
is to predict their remaining lifetime in order to anticipate costly failures or
system unavailability. This may be achieved using a Weibull statistical law
combined with acceleration factors for the temperature, the voltage, and the
humidity. This paper discusses the different capacitor failure modes and their
effects and consequences.

Keywords
Metallized film capacitor; failure mode; lifetime.

1 Capacitor technologies
The following different power capacitor technologies are used in inverters:

—  Electrolytic capacitors characterized by very big capacitance per volume unit, but with low rated
voltages and very important power losses due to the ionic conductivity. In particular, the bigger
the capacitance density, the lower the rated voltage.

—  Film foil capacitors made of dielectric films between two plain aluminium foils. These capacitors
can sustain very high currents.

—  Metallized film capacitors, which are made with dielectric films with a metallic coating on the
surface. With this technology the electric-field stress may be much bigger than with film
capacitors thanks to the metallization self-healing capability.

Today the dielectric films that are used are mainly polypropylene (PP) or polyethylene
terephthalate (PET). Formerly, paper (PA) was used in film foil technology—either pure paper or mixed
with polypropylene (DM). In special applications, where high temperatures are required, polyethylene
naphthalene (PEN) up to 125°C or polyphenylene sulfide (PPS) up to 150°C are used.

PET presents the following advantages over PP: a dielectric constant 50% bigger (&= 3.3 versus
2.2), which means 50% more capacitance in the same volume, a better mechanical resistance (which
means a higher endurance to self-healing), and the possibility of manipulating thinner films,
consequently leading to a smaller capacitance and a higher exploitation temperature (+10°C). The
negative point is that the loss factor is ten times larger, which means a ten-fold increase in temperature
elevation for the same rated power. The nominal electrical field is about the same.

The capacitive elements must be dried to remove moisture, which would cause accelerated aging
and bigger losses if left in the capacitor. In the case of power capacitors, the dried elements are either
impregnated with vegetable oil or with gas (SFg, Na, etc.).

The dielectric films are either wound or stacked before being inserted in a plastic or metallic
container. The best winding machines are required to produce active wound elements of reliable quality
in the case of oil-free capacitors. One way of overcoming the difficulty of controlling the space ratio
between the gas and the film in the winding curves is to wind the film on a large-diameter wheel and to
cut the film layers to obtain a stack.
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The plastic containers are not completely moisture tight—there is always some residual
permeability in polymers. In the case of metallized films, this may lead to electrode corrosion when the
capacitors are submitted to environmental conditions of high humidity.

The electric-field stess in metallized film capacitors may be much larger than in film foil
capacitors. This is obtained thanks to the ability of the electrodes to self-heal. If a breakdown occurs in
the polymer, the current will increase through the defect and on the electrode near the defect. Close to
the defect the current density will be big enough to evaporate the 100 nm metallic layer. If the capacitor
is well designed, the phenomenon will stop when the diameter is large enough to insulate the defect and
small enough not to damage the film. The electrode resistance (given in ohm/square) is the key
parameter to define to achieve good self-healing behaviour, with Joule losses as small as possible. A
thick metallized layer will present a lower resistance, but higher energies will be involved during the
self-healing process, leading to greater damage [1-5].

2 Capacitor failure modes

Most of the metallized film capacitors fail because the capacitance drops below the required tolerance.
This normally occurs after the expected lifetime given by the manufacturer. The capacitance drop is
generally accompanied by an increase of the loss factor.

From a general point of view, the causes of capacitor failures may occur because of bad design,
bad processes, or inappropriate application conditions. During the design phase, the following causes
may lead to failure: the dielectric film is too thin, insulation distances are too small, the metallization
layer is too thick or too thin, or the conductor is the wrong size. During production, causes may include
the following: poor mechanical tension control during the winding, bad drying (leaving too high a
humidity content in the capacitor), or bad sealing. In application, the causes may be: higher voltages,
EM]I, lightning, higher temperature, or a high humidity environment.

The failure modes are a little more complicated to describe because different causes may lead to
the same modes. Figure 1 gives a non-exhaustive summary of the possible failure modes which can
occur in metallized film capacitors.

Causes
Design

Process

Field f

Uncontrolled
self-healing

Mechanical Joule Insulation

Mode rupture losses | | resistance

Y

Chimney

Effects

Consequences

Fig. 1: Metallized film capacitor failure modes with their causes, effects, and consequences
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For example, bad space factor control of the dielectric films during the winding operation will be
the cause of the electrode corona demetallization, which will lead to a fast capacitance drop and to the
loss of functionality of the capacitor.

A bad choice of the metallization resistance value, or poor metallization control during the film
manufacturing process, leads to bad self-healing management, which may damage the dielectric film
mechanically and produces heat which is transmitted locally to the next film layers. At this location the
dielectric strength of the film drops and breakdown may occur. Consequently, chimneys of melted
polypropylene may appear through the winding. The formed channel is conductive, inducing a drop in
the insulation resistance and a leakage current that can generate enough heat to melt the polypropylene
and increase the internal pressure of the capacitor. Along with bad metallization resistance, the final
consequence can, in the worst case, lead to fire ignition or even a capacitor explosion.

Fig. 2: Chimney through the film layers in the capacitor winding

One of the main failure modes is often due to high currents, which increase the capacitor
temperature, leading to a reduction of the breakdown voltage and, in the worse cases, even melting of
the capacitor. In this regard, the shape of the capacitor is very important. For high-power applications,
it is important to build short elements in order to reduce the current path length and increase the number
of parallel layers, and consequently reduce the heating. The current capability of a capacitor is specified
through the series resistance R, and the loss factor tan ¢; at different frequencies. The relation between
the two factors, in the high-frequency domain where the effect of the insulation resistance is negligible,
is given by the linear relation

VA
tané's:?‘:Rsa)C, (1)

i

where C is the capacitance, @ =27 f'is the frequency, Zr is the impedance real part and Z; the impedance
imaginary part.

The presence of humidity in the capacitor, because of poor drying during the manufacturing
process, or because the moisture permeability of the material was too high, or because the humidity
level where the capacitors are installed was too high, may lead to three failure modes with different
effects and consequences.
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Fig. 3: Electrode corrosion due to the presence of moisture

The first is electrode corrosion (see Fig. 3) [6-8], where the series resistance will slowly increase
over time. The effect is a loss factor increase due to the electrode thickness reduction and a heat
dissipation increase. The elevation of the temperature will accelerate the capacitance loss because of the
reduction of the dielectric strength with temperature, ending with the loss of functionality of the
capacitor.

The second effect (see Fig. 4), today known as ‘corona’ [9-11], is due either to a decrease of the
dielectric strength of the gas present in the capacitor in the gaps between the dielectric films or to a poor
space factor control of the films. The bigger the gap, the more severe the problem. The thickness of the
gap is characterized by the space factor, which is the ratio of the dielectric thickness to the total distance
between the electrodes. This space factor is very difficult to control in curves of flat windings, leading
manufacturers to build either round winding or stacks. Only performant winding machines can achieve
good space factor control by managing the mechanical tension of the films during the winding. The
consequence of this is a fast capacitance decrease due to the appearance of corona discharges on the
electrode edges, i.e., the locations where the electrical field is more intense due to the point effect. In
the case of segmented metallization, the corona failure mode may also propagate from the non-metallic
lines which separate the active electrode metallic areas.

Fig. 4: Demetallized electrodes by corona arcing in the gas gap between the films
The third failure mode is a reduction of the insulation resistance, which is the parallel resistance

of the capacitor. A decrease in insulation resistance leads to an increase in current leakage from one
electrode to the other. This phenomenon is present at low frequency. It may be measured via either the
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loss factor (tan o) or the d.c. resistance R,. The relation between the two parameters is given by the
following relation (only true at very low frequencies):

V4 1
tan &, = 7# = . (2)

This later failure mode may have a runaway behaviour. The more the insulation resistance decreases,
the more heat is produced, and the more the temperature increases, which leads to a new insulation
decrease. This phenomenon may end with the appearance of chimneys and melting of the dielectric.

3 Lifetime expectancy

The lifetime [12] of a capacitor is the time to failure, where failure is defined as the lack of ability of a
component to fulfil its specified function. The failure modes are classified into two main categories:
‘early failures’ and ‘wear out failures’, which are reflected in the curve known as the ‘bathtub’ curve
(Fig. 5): at the beginning of the component’s existence, in its ‘infancy’, the failure rate is rapidly
decreasing. These ‘youth’ failures are normally screened by routine tests performed by the
manufacturer. They are due to design and process weaknesses which have not been detected by the
design and process failure modes and effects analysis FMEA performed during the development. They
are more probably due to production process variations or to changes in material quality. The process
variations are due to tool wear, operator change, and lack of formation. This early failure mode is not
taken into account by the Weibull model theory. In normal operation this failure process should not be
observed in the field of applications. If it occurs, the capacitors are normally covered by manufacturer’s
product warranty.

Once the ‘early failures’ regime is past, the failure rate starts to follow a statistical prediction law
which depends on several parameters that may be defined experimentally as a function of the voltage,
the temperature, and the environmental humidity. It has been shown that a Weibull statistic can provide
a good prediction of the capacitor lifetime expectancy.
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Fig. 5: Bathtub curve of the failure rate function showing the infancy or early failures occurring at the beginning
of the component’s life (in red) and the wear out curve (in blue) which is defined by aWeibull law with 2
parameters: the power factor p = 1.8 and the inverse of the time necessary for 63% of the sample to fail

Xo=1/1,500,000 h".
The failure rate A(t) may be given in FIT (failure in time), which is the number of failures

occurring during 10° h of working of one object, i.e., 3E77 h™! corresponds to 300 FIT. The Weibull
failure rate is given by
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A)=4 p (ﬂ“ot)m1 ) (€))

where Ao must not be confused with A(t). Ao is a constant (independent of time, but dependent on
temperature, voltage, and humidity) which corresponds to the inverse of the time necessary for 63% of
the sample to fail, and A(¢) is the inverse of the mean time to failure (MTTF). In the wear out failure
region, A(¢) increases with time. The manufacturer specifications give the maximum value of A(¢) within
the announced lifetime: for example, 150 FIT and 100,000 h of lifetime expectancy in Fig. 5. The slope
parameter of the Weibull law is denoted by p.

The survivor or Weibull reliability function R() is the probability that a capacitor has not failed
or has not lost its function at time ¢ and is still working. The survivor function is given by

R(t)=e " 4)

When multiplied by the number of capacitors /N in the batch, this gives the expected number of capacitors
still working after time ¢. There are capacitor manufacturers [13] that use a simple exponential model
instead of the more complex Weibull model. Actually the exponential model corresponds to a Weibull
model where p = 1. In this exponential model the failure rate is constant over the time A(f) = Ao. To fit
this model to the actual statistical behaviour of capacitors, manufacturers limit the exponential model to
a time period which they call the ‘service life of the product’. After that time period the failure rate starts
to increase.

Weibull statistics can also be used to predict the capacitance evolution of a metallized capacitor
under electrical, thermal, and humidity stresses. In such cases, the failure definition will be, for example,
1% or 1% capacitance loss, depending on the available resolution of the measurement device. The
capacitance will be given straightforwardly by the survivor function. The Weibull reliable life, which
gives the expected lifetime of a capacitor for a given reliability level (the proportion of remaining
working objects, in our case capacitance) is

Ty =%{—1n(R)}””, (5)

0
where 2 is the failure rate for the special case when 1/e, or 36.8%, of the samples still remain.

Table 1: Capacitor lifetime expectancy factor as a function of the required capacitance minimum in an exponential
model.

Reliability Lifetime,

(%) 1/0 (h)
36.8 1

50 0.693
63.2 0.500
80 0.223
90 0.105
95 0.051
98 0.020

If the manufacturer gives a capacitor failure rate of 50 FIT at 40°C and U,/2 for an exponential
model, it means that the lifetime expectancy for a capacitance drop tolerance of 10% will be 2.1x10° h
in these conditions.
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4 Aging acceleration factors

The speed of capacitance drop depends on the temperature, the voltage, and the humidity. The increases
in these parameters are considered as aging acceleration factors. These factors are determined
experimentally based on the following theories.

4.1 Temperature

It has been shown [14] that capacitor aging as a function of the temperature follows an Arrhenius law,
in other words an exponential law
E([1 1
{(T)=t, exp| | =—— 1], (6)
e p(kB (T Tj]

where 7; is the expected lifetime at a reference temperature, 70°C or 85°C for example, ks is the

Boltzmann constant, and F, is an activation energy. A relatively good fit of Epcos/Vishay factors (see
Fig. 6) may be obtained with a ratio E./ks = 7000 K [15]. Between 40°C and 70°C there is an acceleration
factor of 7.1 with the parameters considered.

100
—TFExponential
= 10 B Epcos/Vishay
o4
S
=4
=
= 1
0.1

20 30 40 50 60 70 80 9 100 110 120
Temperature (°C)
Fig. 6: Temperature acceleration factor

4.2 Voltage

Regarding voltage dependency, authors use either an inverse power law
U —n
=1, ? (7

-0,
A

n

or an exponential law

t=t, exp[—a (8)

where 7, is the expected lifetime at the nominal voltage or reference voltage and t/ fy s the voltage

acceleration factor.

A careful examination shows that these laws do not differ much when considered between 0.7
and 1.3U,. To sketch Fig. 7, n and a have been both set to 3.5.
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Fig. 7: Acceleration factor of the aging as a function of the voltage level. In this diagram the inverse power law

and the exponential law are both parameterized with a factor 3.5. The Vishay data would fit better with an
exponential law with factor 5 [16, 17].

Between U,/2 and U, there is an acceleration factor of approximatively 5 (Epcos) to 10 (inverse
power) with the parameters considered. The discrepancy between the values may be attributed to the
different technologies produced by the different manufacturers. It is interesting to note that the Vishay
display on p. 6 of Ref. [18] has almost the same accelerating factors as Epcos.

4.3 Humidity

Humidity is a concern for capacitors contained in plastic because moisture can permeate through this
type of material. Once inside the capacitor, the moisture has several effects: first, it decreases the
electrical strength of the gas in the case of oil-free capacitors, leading to corona demetallization of the
electrode, and secondly it corrodes the electrode. When moisture is present in the dielectric film, the
loss factor is increased, because of the presence of water dipoles, and the insulation resistance is reduced,
leading to current leakage and generation of heat. The lifetime as a function of the humidity level can
be estimated using the following relation [19]:

RH "
t(RH)=t,, ( RH”) , )

where 7, is the expected lifetime at a reference humidity level.

4.4 Capacitor lifetime expectancy calculation

To design and size a capacitor correctly engineers must work through two steps. First, they must
determine the law parameters: E;, for the temperature, » for the voltage, and m for the humidity. This is
basically achieved by defining a plan of the experiment with three different temperatures, voltages, and
humidity levels. The second step is the calculation of the lifetime expectancy as a function of the
customer specifications. For example, for a solar inverter, half of the time there is no voltage and the
temperature is 20°C, 20% of the time the voltage is maximum and the temperature reaches 90°C, and
30% of the time the voltage is 80% of the maximum and the temperature is 60°C. Each stress condition
must be converted to a reference condition value. The sum of the contributions will determine the
lifetime expectation.
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Table 2: Lifetime expectancy with indicative data

Duration  Voltage Temperature Converted aging weight

(%) Uy O @ reference conditions(%)
50 0 20 5
30 0.8 60 25
20 1 90 70

In most applications, in the first step the required dielectric thickness is calculated at the reference
temperature for the specified voltage distribution. In the second step the temperature distribution is used
to adapt the dielectric thickness to the temperature profile requirement. In the section ‘Power cap sizing’
of the site http://www.garmanage.com [20], there is a tool which allows the user to calculate the lifetime
expectancy with ten different stresses.

Taking again the example of a failure rate of 50 FIT in an exponential model, which gives a
lifetime expectancy of 2.1 x 10® h at 40°C and U,/2, it may be calculated by multiplication of Egs. (7),

(8), and (9)
E(1_1)|(U)"(RH,Y
HT,U,RH)=t; , w1 exp[kB (T T,,D[U j [ rH j (10)

n

that the lifetime at 70°C and U, may be estimated to be approximatively equal to 60,000 (h) or nearly
7 years.

5 Technology qualification

The next thing to do is to evaluate the confidence level that, in operation, a given number of capacitors
k in a batch of N capacitors are fulfilling the defined condition (for example, a proportion p > 90% of
remaining capacitance after 100,000 h of operation).

The confidence level is given by a binomial law (failed/not failed) and will improve with the
number of capacitors which pass the tests. The reverse question is: how many pieces have to be tested
to get a given confidence level? The simple relation

__log(1-CL)

11
log(») (n

yields the number of pieces which must tested without failure to get a confidence level CL. For example,
in an accelerated test at 70°C and 1.4U,, n = 16 pieces must be tested, and none must fail during a 2000 h
test, to get a confidence level of CL = 80%; in other words, 80% of all the capacitors will have a
remaining capacitance greater than p = 90% in these conditions. Considering the acceleration factors,
the test will state that 80% of all the capacitors will have more than 90% of their capacitance after
60,000 h of operation at U, and 40°C.

In order to introduce the new technology of oil-impregnated metallized film with an electrical
field rated at 200 V/um, the company Montena Components (today called Maxwell Technologies), in
collaboration with the French railways company (SNCF), ran comparative accelerated tests during the
1990s, alongside the tests defined by the IEC 61071 standard [21]. The TGV high speed train input filter
capacitor bank has a nominal voltage of 1800 V d.c. and a capacitance of 8 mF. The requested lifetime
is 20 yr with a capacitance tolerance £10%. The bank is built with four 2 mF capacitors.
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The volume and weight of the capacitors vary inversely with the square of the electrical field. The
first generation was operated at 150 V/um, and each capacitor had a mass of 44 kg. In a TGV in normal
commercial use, a bank at 200 V/um (four capacitors of mass 22 kg with film thickness of 9 xm) was
mounted in one of the tractors, and a bank at 240 V/um (four capacitors of mass 17 kg with film
thickness of 7.4 xm) was mounted on the other side of the train. The voltage and climatic conditions
were therefore the same for the two batteries.

Fig. 8: A 2 mF 1800 V d.c. capacitor for input filters of TGV application. The sizes correspond to 150, 200, and
240 V/ym in the dielectric.

In parallel with the field experiment, a 2 mF capacitor, made with 9 pm thick film, has been tested
in an oven at 70°C in the manufacturer’s laboratory at 2500 V d.c., a voltage which corresponds to an
electrical field of 280 V/um. The capacitors in the TGV have been measured before the test and after 6
months and one, two, and four years, the capacitors in the laboratory have been measured weekly at the
beginning and monthly at the end of the test.

4
5 x|
4
8
s 12
= —t—1280 V/pm and 70°C
O 16 +— _
s | | - Weibull 280
< 20 T e I situ 200 V/um ﬂ\
24 4| ——Insitu 240 V/um
28 >N
3 : : : : :
0.E+00 1.E+04 2.E+04 3.E+04 4.E+04 5.E+04
Time (h)

Fig. 9: Capacitance loss as a function of time for 280 V/um laboratory test at 70°C and TGV in situ tests at 200
and 240 V/mm film [22].
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At the beginning of the stress application a slight capacitance increase is observed because of the
electrostatic compression of the films. It is also interesting to note that during four years the two
capacitor batteries mounted in the TGV in commercial use are still in the compression phase.

The capacitance loss of a metallized film capacitor may be fitted by a Weibull law. In the case of
an electrical field of 280 V/um and an oven temperature of 70°C, a good fit is obtained with p = 1.2 and
Ao = 1/120,000 h™'. The 10% capacitance loss has been reached after 20,000 h at 70°C and 280 V/um;
tan 0 was smaller than 70E™, whereas it was 30E™ at the beginning.

With a very rough estimation of mean temperature of 35°C inside the TGV tractor, a temperature
acceleration factor of 10 between 35 and 70°C and a voltage acceleration factor of 10 between 200 and
280 V/pm, one may expect a lifetime of 2,000,000 h to reach 10% capacitance loss at 35°C and
200 V/um. With an acceleration factor of 3 between 240 and 280 V/um, the expected lifetime at
240 V/um would be ‘only’ 600,000 h.

6 Conclusion

Capacitors often represent a small part of the cost of an installation. Their failure however may have
huge physical and financial consequences. A typical example is a small capacitor of cost 1p connected
in series in the electronic control of a freezer which leads to almost all these devices having to be
scrapped when they fail. When capacitors have to be used in highly reliable applications, they should
be tested in advance.
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Abstract

This paper discusses the subject of power quality for power converters. The
first part gives an overview of most of the common disturbances and power
quality issues in electrical networks for particle accelerators, and explains
their consequences for accelerator operation. The propagation of
asymmetrical network disturbances into a network is analysed. Quantitative
parameters for network disturbances in a typical network are presented, and
immunity levels for users’ electrical equipment are proposed. The second part
of this paper discusses the technologies and strategies used in particle
accelerator networks for power quality improvement. Particular focus is given
to networks supplying loads with cycling active and reactive power.

Keywords
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1 Introduction

Network disturbances and power quality are issues of increasing importance, as the share of sensitive
electronic equipment is steadily increasing in modern power systems. Due to their complex nature and
the highest requirements for precision, power converters for particle accelerators are extremely sensitive
to network disturbances. A large percentage of all unwanted accelerator stops, so-called major events,
is related to such disturbances. Several cases of particle beam instabilities that were caused by power
quality issues have been observed. This paper discusses the principal aspects of power quality, with a
particular focus on power converters for particle accelerators.

The main objectives of this paper are to raise awareness amongst power converter specialists
about this subject, and to discuss the technologies and main engineering principles that can be applied
to reduce the impact of power quality issues on particle accelerator operation.

2 Classification of disturbances

The most critical disturbances are discussed below [1-9].

2.1 Voltage dips

Voltage dips are two-dimensional phenomena, characterized by their amplitude and duration. They are
typically caused by short-circuits in the electrical network upstream or downstream of the observation
point. Voltage dips have a typical duration of 50-200 ms (in some cases up to 1000 ms), and an
amplitude typically of —5% to —100%.

Voltage dips are the principal cause of power quality issues related to particle accelerators, and
for this reason it is essential to define the immunity levels of the electrical equipment in order to
‘survive’ most of these disturbances without tripping the particle accelerator.
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2.2 Short supply interruptions

Short supply interruptions can be seen as voltage dips to zero. They are typically caused by short-circuits
in overhead lines, which are cleared when the protection systems reclose. Short supply interruptions can
last up to 180 s. For short supply interruptions, the concept of immunity of equipment is not applicable,
simply because most equipment will not be able to function without its energy supply even for short
periods of time.

2.3 Flicker

Flicker is defined as the impression of unsteadiness of visual sensations induced by a light stimulus
whose luminance fluctuates with time. A typical example is the visible change in the brightness of a
lamp due to rapid and repetitive fluctuations of the network voltage. These voltage fluctuations are
typically caused by variations in load current passing through the source impedance of the electrical
network upstream.

The repetitive active and reactive power cycles of the main power converters of a particle
accelerator are a typical cause of flicker. The voltage drop caused by the load current flowing through
the impedances of the upstream network has a major influence on the voltage amplitude and phase angle
at a particular busbar. Depending on the network inductances and resistances upstream, as well as the
amplitude of active and reactive power of the load, the voltage drop is calculated as follows:

AU = RI cosg+ Xl sin ¢, (1)
AU _ RAP+X.AQ
v - vz @)

Equation (2) shows that any variation of load active and reactive power, as well as any change in
network inductance or resistance, will result in a change in voltage drop and hence a variation of
operating voltage at a given busbar. The most prominent example is the cycling power of thyristor
converters for synchrotron accelerators.

The voltage fluctuations are defined as changes of r.m.s. voltage evaluated as a single value for
each successive half-period of the network voltage. The short-term flicker indicator Py specifies the
severity of the flicker evaluated over a short period (e.g. 10 min); and Py = 1 is the conventional
threshold of irritability. The long-term flicker indicator Py defines the flicker severity evaluated over a
long period (typically 2 h) using the cubic average of successive Py values. Typically, the admissible
long-term flicker factor is 60% of its short-term equivalent. Figure 1 shows the limits for a short-term
flicker factor of 1.

. 1 i 1 L1111 3 l[il]]&! 1 1 II‘[]¥EFV
o (%) -‘._saeelnr.n-nsmrumih in this area
L= H-
SN
™
<]
3 *a
\\
Py
\..,m
1 i
1
P, i
=
My
7
o4
10! 10° 10" 10 10° 10t

Humbar ol valtage changes par minule JR—

NOTE 1 200 voltage changes per minute give 10 Hz filcker.

Fig. 1: Flicker limits for short-term flicker factor Ps = 1 (source: IEC 61000-3-3, Fig. 4)
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These flicker limits are based on the empiric definitions of the human eye’s sensitivity to
luminance fluctuations. At the point of connection with the external network, the flicker level represents
a contractual constraint and needs to be strictly respected.

The irritating effects of flicker can be reduced by applying a combination of the following
measures:

— strictly separate general services and power converter loads;
— reduce the network impedance (increase short-circuit power) at the load busbar;
— reduce the amplitude of the (active and) reactive power variation;

— install technologies for flicker mitigation.

2.4 Fast transient overvoltages

Fast transient overvoltages (surges) are typically caused by lightning strikes into overhead lines, hence
having a much lower probability in buried cable networks. They can also be caused by network
switching operations, such as switching off large or small inductive loads, as well as short-circuits. The
amplitude of fast transient overvoltages can easily reach multiples of the nominal system voltage, and
hence they need to be taken into consideration for insulation coordination of the electrical network. For
the power equipment itself, an appropriate choice of component voltage rating combined with simple
mains input filters are suitable measures to obtain immunity against fast transient overvoltages.

2.5 Temporary power frequency variations

Temporary power frequency variations are less critical for most electrical equipment, and there are no
specific countermeasures required.

The fundamental frequency of an electrical network is an expression of balance between power
generation and consumption:

dE/dt= P, — P, 3)

where Ex is the kinetic energy of all rotating machines (= Y2 J w?); P, is total generated power, P, — total
consumed power; J is the torque of the rotating machines; and w is angular speed (rad/s).

The frequency of the European 400 kV network of the Union for the Co-ordination of
Transmission of Electricity (UCTE) network is closely controlled, with typical fluctuations of only
+0.1 Hz around the nominal value of 50 Hz. The overall network power frequency characteristic of the
400 kV UCTE network is about 27 000 MW/Hz. As a simplified example (static point of view), an
increase of power consumption by 270 MW would cause a drop in frequency of 10 mHz, if the power
generation was not simultaneously increased.

Due to its three-level frequency control system, the large scale of generation systems, and the
synchronous interconnection with other HV networks on a continental scale, the UCTE network has
ample reserves to cope with load power variations under normal operating conditions.

However, in rare cases of breakdown of major interconnections and/or large groups of generation
systems, the stability and continued operation of the entire network might be at risk. In such situations,
the network operators could allow larger frequency variations in order to prevent runaways that would
result in large-scale blackouts. In such exceptional situations the temporary frequency variations could
be in the order of several hertz, being the result of larger imbalances between power generation and
consumption.
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2.6 Harmonics

Harmonics are conducted low-frequency disturbances of integer multiples of the system frequency.
According to IEC standards [3-9], the total harmonic distortion is calculated taking into account all
harmonics up to the 50™ harmonic order.

The principal causes of harmonics in electrical networks are non-linear loads such as large
thyristor power converters or diode rectifiers. During transformer energization, the transformer
magnetizing currents (inrush) also generate significant temporary harmonic distortion.

The generated harmonic spectrum of thyristor power converters on the AC input side is as
follows:

Order of harmonics =n x p +1 , @)
where n=1, 2, 3... and p = 6- or 12-pulse converters.

Harmonic distortion typically changes only slowly over time for stable loads; however, for fast
cycling loads such as pulsating particle accelerators they change rapidly during each power cycle. For
rapidly changing harmonics the conventional definitions according to the IEC are not meaningful, and
smaller time windows (e.g. 100 ms) for the calculation of the harmonic distortion need to be defined.

These harmonic currents create harmonic voltage drops when passing through the upstream
network impedances, which are then superimposed upon the fundamental frequency network voltage.
These are the most common techniques to reduce the harmonic levels in a network:

— strict separation of general services and power converter loads;
— reduction of source impedance (increase short-circuit power) at the load busbar;

— installation of passive or active harmonic filters (see Section 6.1.1).

2.7 Temporary overvoltage

A temporary overvoltage has a typical duration of 10-500 ms, and can occur during a single-phase earth
fault in the healthy phase(s) of a medium voltage network with non-effectively grounded neutral. The
voltage increase is typically between +30% and +70%. Temporary overvoltages also occur during the
energization of large capacitor banks, where the capacitive inrush current passing through the
inductances of the upstream network causes a temporary voltage increase. These overvoltages have a
much shorter duration of 10-20 ms, and typical amplitude of up to +50%.

2.8 Voltage imbalance

In the event of a voltage imbalance, the fundamental frequency voltage amplitude or angle between
phases are not equal for all three phases. The imbalance is usually expressed as the ratio of negative to
positive sequence components, using the following approximation:

U U+

Voltage imbalance = |6 ,
U12 + U23 + U31

)

where Uiz, Uy and Us; are the fundamental frequency line—line voltages.
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3 Power quality statistics

It is important to have a good understanding of the power quality of the electrical network. In particular,
the duration and amplitude of voltage disturbances play a critical role in accelerator operating reliability.
Statistics for the CERN electrical networks are presented below as an example [10].

3.1 Voltage dips

Table 1 shows the number of voltage dips recorded during the reference period (mid June—mid
November) at CERN.

Table 1: Number of voltage dips recorded at different voltage levels (period mid June—-mid November)

Network Substation Machine Number of
voltage dips

400 kV BE All of CERN 37

18 kV EMDI1/BE SPS 104

0.4 kV ERD1/8R LHC 184

Network disturbances at the 400 kV level are usually seen also in the 18 kV and 0.4 kV networks,
while disturbances generated at the 0.4 kV level do not propagate upwards into the HV networks.

Network disturbances at CERN that cause one of the accelerators to stop are called ‘major events’,
and are marked in red in Figs. 2—4. Although there are only limited statistical data available, it seems
that the duration of network disturbances is not the critical parameter for accelerator trip; rather, it is the
voltage amplitude. The data also indicate that most disturbances causing major events originate from
the 400 kV network. Figures 2—4 show the statistics for network disturbances over a reference period
(mid June-mid November):

Voltage distdrbances 4005 kV

100% = nominal voltage

-0 100 200 300 400 500 600 700 800 900 1000
' Iong-term

Fig. 2: Recorded disturbances in the 400 kV network. The events marked in red are major events, leading to a
stoppage of an accelerator.
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Fig. 3: Recorded disturbances in one of the 18 kV networks. The events marked in red are major events, leading
to a stoppage of an accelerator.
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Fig. 4: Recorded disturbances in one of the 400 V networks. The events marked in red are major events, leading
to a stoppage of an accelerator.

3.2 Propagation of external 400 kV voltage disturbances into the downstream voltage levels

Symmetrical 400 kV network disturbances propagate symmetrically into the subsequent (lower) voltage
levels, and the relative amplitude of the disturbance remains the same for all voltage levels.

This article explains the propagation of asymmetrical 400 kV network disturbances into the
downstream voltage levels, as found with computer simulations. All disturbances originating from the
400 kV network are transmitted to the lower voltage levels according to the vector groups of the
transformers. Figure 5 graphically represents the vector relationships between the different voltage
levels.

Based on the vector diagrams in Fig. 5, the asymmetrical disturbances propagate into the lower
voltage levels (Tables 2, 3, 4 and 5). During this propagation, the faulty phase is partially recovering,
while the healthy phases experience a decrease in voltage amplitude. Due to this effect, the symmetry
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of the three phases is improved even during asymmetrical conditions. For example, a 50% voltage dip
in phase R of the 400 kV network results in a 66% dip in phase T of the LV network, and 94% dips in
phases R and S. The causes of this effect are the vector groups of the transformers and the reduction of
zero sequence voltage components during the transformation 400/66/18 kV, and thus the symmetrization
of the three phase voltages. During the transformation 18/0.4 kV there is no reduction of zero sequence

voltage components (0.4 kV starpoint directly grounded) and thus no symmetrization effect.

Table 2: Propagation of single-phase voltage dip in 400 kV network, —50% in phase R

R S T R-S S-T R-T

400 kV 50% 100% 100% 75% 100% 75%
66 kV 58% 97% 96% 78% 100% 77%
18 kV 77% 100% 77% 95% 96% 65%
18/0.4 kV 04kV  94% 94% 66% 100% 77% 77%
18/3.3/04kV  33kV  94% 94% 66% 100% 75% 78%
04kV  94% 94% 66% 100% 76% 76%

Table 3: Principle of propagation of single-phase voltage dip from 400 kV to 0.4 kV

Voltage level Faulty phase
400 kV R

66 kV R

18 kV R-T

33kV T

0.4 kV T

Table 4: Propagation of double-phase dip in 400 kV network, —50% in phases R and T

R S T R-S S-T R-T
400 kV 50% 97% 50% 76% 76% 50%
66 kV 57% 87% 58% 76% 76% 50%
18 kV 76% 76% 50% 83% 60% 60%
18/0.4 kV 04kV  83% 60% 60% 77% 50% 77%
18/3.3/04kV  33kV  84% 66% 64% 77% 53% 77%
04kV  83% 65% 65% 78% 54% 78%

Table 5: Principle of propagation of double-phase voltage dip from 400 kV to 0.4 kV

Voltage level Healthy phase
400 kV S

66 kV S

18 kV R-S

33kV R

0.4 kV R
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Fig. 5: Simplified CERN network and vector relations between voltage levels

In the case of a single-phase interruption of the 400 kV network, the voltage in the faulty phase
remains close to 100% due to the 400/66 kV vector group YNyn with delta compensation winding. In
this case, the compensation winding provides the magnetizing flux for the missing phase such that the
voltage remains close to 100% (Table 6).
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Table 6: Propagation of single-phase interruption 400 kV (after opening of breaker, phase R)

R S T R-S S-T R-T
400 kV (97%) 100% 100% 100% 100% 100%
66 kV 91% 102% 95% 100% 100% 89%
18 kV 99% 100% 89% 103% 93% 92%
0.4 kV 103% 94% 91% 100% 89% 98%

Single-phase short-circuits on the 400 kV overhead line from Genissiat to BoisTollot caused, for
example, by a flash-over due to lightning strike, result in a single-phase voltage dip in the faulty phase
and an increase of voltage amplitude in the two healthy phases. The voltage rise of the healthy phases
is related to the distance, and increases if the short-circuit happens closer to CERN. For a single-phase
short-circuit directly at BoisTollot, the impedance ratio Zo/Z; is the highest; and the worst-case voltage
increase in the healthy phases could reach up to +17% (voltage phase—ground) when CERN is only
supplied from Genissiat 400 kV. In the case of parallel infeed from Genissiat and Chamoson, the voltage
rise in the healthy phases is +11% during a single-phase short-circuit. Again, the propagation into CERN
follows the vector relationships as described above.

3.3 Harmonic voltage distortion

Repeated measurements of harmonic distortion were done in different 0.4 kV substations in CERN’s
electrical distribution network, showing that in all network supplied substations the harmonic distortion
remained below 5%, corresponding to IEC 61000-2-2 (class 1). Generally, harmonics are lowest in
switchboards for general services (EBDxx/xx). Higher harmonic voltage distortions are present in
switchboards supplying rectifier loads (ERDxx/xx). At one UPS-supplied EODxx/xx switchboard, a
harmonic distortion of 8% was measured. Figure 6 shows the total harmonic voltage distortion (THD)
measured at different LV substations at CERN during accelerator operation.
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Fig. 6: Measured harmonic distortion at different L'V substations

4 Electromagnetic environment classes
The electromagnetic environment classes are defined by IEC 61000-2-4:

— class 1: protected supplies for compatibility levels lower than those on public networks... for
very sensitive equipment;
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— class 2: environments of industrial and other non-public power supplies... and generally
identical to public networks;

— class 3: industrial environments, in particular when a major part of the load is power
converters and/or the load varies rapidly (e.g. particle accelerators!).

Table 7 quantifies what these three classes actually mean, and also compares them with the LHC
Engineering Specification for LV networks [11] and the example of a static Var compensator (SVC)
from the SPS machine network.

Table 7: Parameters of the electromagnetic environment classes (IEC 61000-2-4)

Class 1 Class2 Class3 LHC Example:
Engineering SVC for
Specification SPS (18 kV)

[11]
Voltage tolerances +8% +10% —15%/+10% Typical £5%, +0.75%
maximum £10%  (transient)
THD (400 V) 5% 8% 10% Typically 2%, 0.75%
(short-term 7.5%) (short-term 15%)  maximum 5% (transient)
Frequency tolerances +1 Hz +]1 Hz +]1 Hz +0.5 Hz +0.5 Hz

Power converters for particle accelerators represent the roughest type of load, comparable to
heavy industry such as large arc furnaces, rolling mills, etc. (class 3). However, to operate them correctly
and with the required precision, power converters for particle accelerators require power quality levels
sometimes better than the most sensitive equipment (class 1)!

The most common technologies for power quality improvement, used for particle accelerators,
are explained in the second part of this publication.

S  Definition of immunity levels for equipment (LHC Engineering Specification)

Based on the statistics for past network disturbances, combined with considerations of technical
feasibility, the minimum immunity levels for electrical equipment were defined before the beginning of
LHC construction [11], covering the main parameters of CERN’s low voltage systems, their variations,
and power quality issues. Users’ equipment should be designed to correctly function within the limits
detailed in Table 8.

Table 8: User equipment specifications

Nominal voltage 400 V/230 V
Maximum voltage variations +10%

Typical voltage variations +5%

Transients (spikes) 1200 V for 0.2 ms
Voltage swells +50% of U,, 10 ms
Voltage dips —50% of U,, 100 ms
Total harmonic voltage distortion (THD) 5%

These voltage limits are visualized in Fig. 7:
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Fig. 7: Immunity levels for voltage disturbances as per the engineering specification for LV networks

6 Technologies for power quality improvement

This article discusses measures and technologies used in accelerator networks for power quality
improvement. Particular focus is given to the improvement of power quality in networks supplying
cycling loads.

6.1 Systems without integrated energy storage

6.1.1 Static Var compensators

Static Var compensators (SVCs) are part of a larger classification of equipment called flexible AC
transmission systems (FACTS). An SVC typically consists of a combination of harmonic filters for the
generation of (capacitive) reactive power and for harmonic filtering, as well as thyristor controlled
reactors (TCR) to allow for the control of variable reactive power output. Figure 8 shows a very

simplified topology for an SVC, consisting of a fixed capacitance (e.g. harmonic filters) and a
TCR [12, 13].

1

Fig. 8: Very simplified topology of an SVC
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Optimum performance is achieved by connecting the SVC to the same MV substation as the
cycling power converter load, typically directly downstream of the feeding HV/MV transformer. In most
cases, the MVar ratings of the harmonic filters and of the TCR are identical; however, for certain
applications a slightly increased TCR might be an interesting option.

The current in capacitor banks (or harmonic filters) cannot be continuously controlled by
thyristors; capacitors can only be switched on or off, e.g. by means of thyristors or mechanical switches.
The step-wise switching of individual capacitor banks (or harmonic filters) would generate transient
overvoltages and other disturbances in the electrical network, which could potentially disturb the
operation of the particle beam. Instead, and to follow the cycling reactive power of the load, the current
in the thyristor-controlled reactors is adapted continuously by variation of the firing angle of the
thyristors. Therefore, the capacitor banks (or harmonic filters) permanently generate a constant amount
of reactive power, while the TCR follows the load pulse. As shown in Fig. 9, the reactive power of the
TCR is controlled in the opposite way with respect to the reactive power cycles of the load: during the
flat top of the load cycle the TCR current is low, and during low load the TCR current is at maximum.
Figure 19 shows the qualitative functions of reactive power, while Fig. 13 represents measurements of
a real system.

1Q ter

_ i >
Q total sve.  Time [¢]

‘Reactive power [Mvar] -

-Q_capa

Fig. 9: Reactive power control of an SVC

It is a common misperception that SVCs store energy that is then used for the accelerator magnet
load cycles. This is not the case! The reactive power circulation between the SVC (MVar generation)
and the magnet power converters (MVar absorption) is a pure 50 Hz AC phenomenon, and no energy is
stored or recovered between power cycles beyond one fundamental AC period of 20 ms.

An SVC cannot assure perfect voltage stabilization and perfect reactive power compensation at
the same time. For most particle accelerators, power of the highest quality precedes the need for perfect
reactive power compensation. The variable reactive power output of the SVC therefore needs to
compensate not only the cycling reactive power of the load, but also correct the voltage variations caused
by the cycling active power. Equation (6) defines the required reactive power function of the SVC.

2

P
stc = Qload + ﬁ + kpload > (6)

cc

where k = R/X of the network.
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6.1.1.1 Harmonic filter design

The total number of capacitors required for reactive power compensation are split into groups and then
connected in series with air-core reactors to achieve the required harmonic tuning. The harmonic filters
need to be designed taking into account the three major sources of harmonics:

— the 12-pulse thyristor power converter load (harmonic current source where n = 11, 13, 23,
25);

— the TCR (harmonic current source where n =5, 7, 11, 13, 17, 19);

— the supplying external network, which is a harmonic voltage source typically where n =5 and
7 in steady-state, and #» = 3 during transients.

The harmonic filters are tuned precisely to their corresponding harmonic frequency by adjusting
the taps on the air-core filter reactors. Equation (7) calculates the resonance frequency of an L-C circuit:

1

Jprcs =T T (7)
2 n \Y Lﬁlter Cﬁlter

The total quantity of the capacitors will create a parallel resonance with the inductances of the
supplying network. Equation (8) calculates the frequency of this parallel resonance:

S
f;es = f;) = * (8)
\ Osve

For reliable SVC operation under all steady-state and transient conditions, the impedance of this
parallel resonance needs to be controlled carefully. For large SVCs, it is typically in the range of 100—
150 Hz, and hence would introduce instabilities during transient conditions. The installation of damped
second and/or third harmonic filters can prevent or reduce amplification of these harmonics.

Based on the discussion above, an SVC for particle accelerators should hence consist of harmonic
filters for n = (2, 3,) 5, 7, 11, 13 and high-pass. A typical topology is shown in Fig. 10. An impedance
diagram for the harmonic filter topology shown in Fig. 10 is given in Fig. 11.

Feeder from MV substation

X
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Fig. 10: Typical topology of an SVC for a particle accelerator
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Fig. 11: Impedance diagram for the harmonic filter topology shown in Fig. 10

6.1.1.2  Control system

A typical SVC control system consists of a proportional integral (PI) AC voltage feedback controller
and a direct compensation of disturbance to improve transient responses. As shown in Fig. 12, it includes
three signals: load reactive power (Qiad), load reactive power differential (dQiad/d?), and load active
power (Proaa), with all load variables being measured on the AC side of the power converter.

d(Qload)dt
(@oadydfrmn
load. 1 +
PSload Q > KQf g_agendaflorward
measurements A S|
oad KEF
linearisation of
non-linear
susceptance
omet, ~ [PLEO R X ;
+>Q | + + > % >
-— - *
Vacm|c =1 kisve™1/s 3 =(2n—2a)—sin(2rc—20c)

S
®, =20Hz B,y
18kV AC voltage controller

Fig. 12: Typical TCR control system

6.1.1.3 SVC performance

Typical SVC performance is discussed below, based on the example of the SPS accelerator. Figure 13
shows the cycles of active and reactive power for the load, the SVC, and the supplying network.
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Fig. 13: Measured active and reactive load power cycles and reactive power output of the SVC (scale:
30 MW/MVar per division).

A well-tuned harmonic filter design as presented above would typically keep the THD of the bus

voltage at the SVC connection point below 1%, during all phases of the cycling load pulse. Figure 14
shows the harmonic voltage distortion during the flat top of the cycle.
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Fig. 14: Typical harmonic performénce of an SVC with six harmonic ﬁltefs, during flat top
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The transient performance of the SVC response greatly depends on the response time of the
control system, and also on the amplitude, shape, and rate of rise/fall of the active and reactive load
cycles. Typically, the response time of an SVC is 50-100 ms. Figure 15 shows the measured voltage
response of CERN’s 18 kV network during SPS operation, with the SVCs in service. The voltage
variations are within a limit of +0.3% for most parts of the load cycle, and within £0.75% during the
transition points at the beginning and end of the load cycle.

Operating line voltage RMS [p.u.]

0.58

Time [s]

Fig. 15: Typical voltage response of an SVC compensating a large cycling load (e.g. SPS)

6.1.2 Static synchronous compensator without energy storage

A static synchronous compensator (STATCOM) without energy storage covers functions similar to an
SVC. Due to its switched-mode technology, its performance for voltage stabilization is superior when
compared to an SVC. It is therefore an interesting technology for very fast cycling applications.

6.2 Systems with integrated energy storage

6.2.1 Power converters with integrated DC capacitor energy storage

A novel approach for the decoupling of the load from the electrical network is the installation of power
converters with integrated energy storage. The most prominent example of this technology is the new
power supply for the PS (POPS) [14-16].

The POPS system consists of two active front end (AFE) rectifiers supplied from the 18 kV AC
network, and six DC/DC converters. Associated with each DC/DC converter is one large DC capacitor
bank for energy storage.

The six DC/DC converters are connected to the power system in two ways: two of them, being
directly connected to the output of the two AFE’s, are so-called ‘chargers’. The four other DC/DC
converters are ‘floating’. The power part of these six DC/DC converters is identical; however both types
of converters are controlled differently. Figure 16 shows the topology of the POPS system.
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Fig. 16: POPS topology

On its DC output side POPS provides the current cycles required for the PS magnets
(10 kV peak/6 kA peak). At the beginning of each cycle the DC storage capacitors are fully charged.
During the load cycle they discharge, and then finally they recover a major part of the energy during the
ramp-down of the accelerator magnet current towards the end of each cycle.

The two AFEs only cover the electrical losses of the power converters and accelerator magnets.
To the electrical network, they represent an electrical load with a power factor of unity, and with only
small variations in amplitude. As a consequence, the system does not generate any noticeable flicker in
the electrical network.

The principal advantage of POPS is its modular design. Several degraded modes are integrated
into its topology, permitting the filling of the LHC beam in the event of the failure of one power
transformer, one AFE, or one DC/DC converter.

The POPS AFE and DC/DC converters are installed inside a dedicated power converter building.
The cast-resin power transformers are installed outdoors, in metallic enclosures. The DC storage
capacitor banks are installed in six sea shipping containers. A photograph of the POPS system is given
in Fig. 17.

Control room Power converter room Cooling tower Power transformers  Capacitor banks
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Figure 18 shows the output voltage and current of POPS over one load cycle. One can distinguish
three phases. During the ramp-up of the current (first phase), POPS operates at maximum output voltage.
In the second phase, the current flat top, the voltage drops down to only cover the resistive losses of the
magnets. Finally, during the third phase, the voltage is inversed to ramp down the current as quickly as
possible. This inversion of voltage, while the current is still positive, corresponds to an inversion of
power flow (from the magnets to the POPS system).

10000

—+— UM
——

Voltage U [V], Current I [A]

-10000
Time [s]

Fig. 18: POPS voltage and current output cycle

Figure 19 shows the active power cycle of the PS magnets, with a peak value of £50 MW.

Time [s]

Fig. 19: Active power of the magnets
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Figure 20 shows that the capacitors are fully charged at 5 kV DC at the beginning of the load
cycle. They discharge during the power cycle and then recharge when the energy is fed back from the
magnets to the POPS system.
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Fig. 20: Voltage profile of POPS DC sEorage capacitors during one load cycle

6.2.1.1 Converter topology

The AFE and DC/DC power converters consist of standardized industrial drives. To obtain the required
current rating of 6 kA, three legs, each rated at 2 kA, are connected in parallel via coupling inductors.
Each leg represents a three level neutral point clamped (NPC) branch.

Each AFE consists of one three-legged unit. Each DC/DC converter is an H-bridge with a three
NPC leg unit on either side of the bridge for positive and negative polarity, as shown in Fig. 21. Each
NPC leg consists of four insulated-gate bipolar transistors (IGBTs) and six diodes. The switching
structure is supplied by two capacitors charged to Va/2. Each NPC leg allows the application of three
voltage levels at the output (Vac/2, 0, —Vac/2).

AFE converter
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Fig. 21: AFE and DC/DC converter topologies
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The different legs are interleaved, as are the converters, in order to increase the equivalent output
ripple frequency, to reduce the size of the output filters, and to obtain better dynamics of the output
voltage. For PS particle beam operation, the minimization of current ripple in the magnets is very
critical. By using the principle of interleaving, an equivalent switching frequency of 4 kHz is obtained
by using a basic switching frequency of 333 Hz for each individual leg. The interleaving between legs
is obtained by shifting the modulation index of each leg by 2x/3.

By using this topology, it was possible to assemble the entire POPS system by combining 14
standard industrial motor drives of 3.3 kV, 8 MW,

6.2.1.2 Choice of semiconductors

The PS represents a cycling load with a period of 1.2 s. POPS is specified for a lifetime of 15 years,
corresponding to 100 million power cycles. The cycling character of the load is particularly important
when choosing the type of semiconductor: the thermal time constant of the junction is in the order of
100 ms. During each load cycle longer than a few multiples of this time constant, the electrical
connections to the junction will experience a certain ageing process due to thermal expansion. The
prospective life time of the IGBT is a function of two conditions: the amplitude of junction temperature
variation and the number of thermal cycles. Classical IGBTs, using very fine wire bonding for their
electrical connections, are very susceptible to premature ageing due to these thermal cycles. Press-pack
IGBTs, on the other hand, are a much better choice for cycling applications because they have no
internally bonded wires. Here the internal electrical and thermal connections are done by applying very
high compression forces by means of a clamp.

6.2.1.3 Energy storage DC capacitor banks

Each of the six capacitor banks has a rating of 0.25 F, 5 kV, and consists of 126 capacitor units in
parallel. Each capacitor bank is installed inside a standard sea shipping container. The containers are
air-conditioned to assure controlled ambient operating conditions for the capacitor banks. Figure 22
shows the inside of one of the containers.

Fig. 22: Photo of one of the six DC storage capacitor banks inside its container

The DC capacitors are dry capacitors with polypropylene (PP) film. Small dielectric defects of
the PP film are automatically repaired by ‘self-healing’, e.g. evaporation of the metalized electrode
material around the dielectric defect. As an additional protection, in particular for major cases of
capacitor failure, the capacitor bank is equipped with a fuse and an automatic discharge system.
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6.2.1.4 Performance

Accuracy in B-field regulation is of particular importance during particle injection into and extraction
from the PS. Figures 23 and 24 show the magnetic field in the dipole magnets during one load cycle.

POPS B-field performance - 26GeV LHC cycle
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Fig. 23: POPS B-field regulation
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Fig. 24: Zoom of POPS B-field regulation

The digital RST controller reduces the error in magnetic field regulation of the magnets to
0.5 Gauss over an absolute value of 12000 Gauss, corresponding to an overall precision of 40 x 10,

6.2.2 Rotating machines for large cycling loads

Another possibility for decoupling a cycling load from the electrical network, and to reduce flicker in
the network, is the supply of a particle accelerator machine network via a rotating machine. This
configuration is used for the AGS machine at BNL, and the PS rotating machine, which was in operation
for 40 years before the commissioning of POPS.
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A motor drives a large synchronous generator that supplies the cycling power converter load. Due
to the kinetic energy stored in the rotation of the motor-generator set, the power drawn from the electrical
network by the motor follows the accelerator cycles with relatively small power variations.

These systems have reliably operated for many years; however they always represent a
considerable risk as a single point of failure. A major failure of the rotor could easily stop the operation
of the machine for at least six months. Figure 25 shows a single-line diagram of the PS rotating machine
at CERN, while Fig. 26 gives one of its typical load cycles.
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Fig. 25: Single-line diagram of the PS rotating machine at CERN
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Fig. 26: Typical active and reactive power cycle of the PS main power converter
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(b)
Fig. 27: (a) AGS machine at BNL; (b) PS machine at CERN

6.2.3 Flywheel system to compensate external network disturbances

Physics laboratories often suffer from electrical network disturbances, and many of these events result
in particle accelerator stoppages. Due to its geographical location in Grenoble, surrounded by the French
Western Alps, ESRF is particularly exposed to disturbances caused by thunderstorms, which are most
frequent during the summer months. Figure 28 shows the seasonal distribution of voltage
disturbances [17].
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Fig. 28: Recorded frequency of voltage disturbances

In order to increase the mean time between failure (MTBF), ESRF decoupled the 20 kV
accelerator network from the external supply by installing several sets of rotating machines, each
consisting of an alternator and rotating mass (accumulator).

For smaller voltage disturbances (conditioning zone), the rotating machines just provide the
difference to re-establish a fully balanced system with 100% of the voltage amplitude. In the event of
disturbances with a larger amplitude or longer duration (disconnection area), the accelerator network is
automatically disconnected from the mains and fully supplied by the rotating machines. The total stored
kinetic energy of all machines is 100 MJ, and the system can compensate for 100% of missing power
for 12 s. Figure 29 shows the limits of the conditioning and disconnection areas [17].
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Fig. 29: Conditioning and disconnection area

Due to the combination of several machines, the system has a built-in redundancy and will also
continue to operate in the event of the unavailability of one or two units. Figure 30 shows a general
diagram of the system [17].
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Fig. 30: Electric diagram of the network conditioning system
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Fig. 31: Two twin rotablocs (four accumulators and four alternators in one cell)

6.2.4 Static synchronous compensator with energy storage

The STATCOM controls a variable output of active and reactive power, and hence completely decouples
the cycling load from the electrical network. The energy could be stored in HV DC capacitors or in a
superconducting magnet coil (SMES). The STATCOM technology is particularly suitable for
connecting large cycling power converter loads to relatively weak electrical networks. A STATCOM
could potentially also be used to compensate for transient voltage disturbances in an accelerator network.

This technology has not yet been applied for a particle accelerator network, however technical
studies have commenced to evaluate the potential for this technology at CERN [18, 19].

7 Summary and recommendations

Particle accelerators require the control of the magnet current with the highest precision, sometimes to
a few parts per million. To make excellent physics, excellent power quality is required! The most
important aspects and recommendation of this document are summarized below.

— Voltage disturbances are part of the normal operation of electrical networks. They are
frequent, and equipment must possess a certain immunity to correctly function in this
environment.

— International standards such as IEC 61000 define major aspects of electromagnetic
compatibility and power quality. However, in some cases they do not sufficiently cover the
specific needs of your physics laboratory. In those cases you need to define the principal
immunity levels for your electrical equipment!

— Identify the type and frequency of network disturbances that cause most of your accelerator
stops, and establish detailed statistics to better understand them.

—  All groups installing and operating electrical equipment need to be involved in power quality
considerations, right from the beginning of a project.

— Strictly separate (cycling) power converter loads from general services loads; supply these
networks from separate power transformers.

— Minimize network impedances (inductances!) to reduce voltage variations and harmonic
distortion in your networks.

—  When choosing a power converter topology, aim to minimize the amplitude of cycling reactive
and active power to minimize the generation of flicker.
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Electromagnetic Compatibility of Power Converters
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Abstract

This paper describes the main challenges related to power converters in a
scientific environment. It proposes some methods of EMC analysis, design,
measurement, and EMC troubleshooting.

Keywords
Power converters; electromagnetic compatibility; EMC design; EMC
troleshooting.

1 Introduction
This report details and completes the Baden presentation on May 9, 2014.

Electromagnetic compatibility (EMC) is, broadly speaking, nothing but a control of electrical
signals. Power converters, including uninterruptible power supplies (UPS), are particularly concerned
with EMC.

Converters generate high-level conducted disturbances, mainly by large converters. A converter
may be upset by its own disturbances (self-immunity) or disturb its environment (scientific equipment
for instance), usually due to common-mode (CM) currents.

Converters (even low-power ones) may also radiate high-frequency electromagnetic energy that
can upset nearby equipment (near-field coupling) or radio receivers (far-field coupling).

1.1 Beware of unreasonable EMC standards

A scientific environment looks like an industrial one, so the relevant standards use industrial EMC
limits. The conducted emission limits of many EMC standards for large equipment (UPS, inverters,
speed drives, arc welders, lifts...) are objectively too high, especially for equipment with rated current
over 100 A.

Mains terminal disturbance voltage limits for class A equipment measured on a test site

. Class A equipment limits
requency dB(uV
band (V)
Gr Group 2 e Group 2 a
MHz Quasigfeak Average Quasi-peak Average Q&Eeak Average
0,15 - 0,50 79 66 100 90 130 120
() €]
0,50 -5 73 60 86 76 125 115
90 80
Decreasing linearly with
5i< 30 73 60 logarithm of frequency to 115 105
70 I 60

a Mains supply currents in excess of 100 A per phase when using the CISPR voltage probe or a suitable

V-network (LISN or AMN).
Fig. 1: Example of a defective standard (here EN 62040-2 for UPS)

0007-8328 — (©) CERN, 2015. Published under the Creative Common Attribution CC BY 4.0 Licence.
http://dx.doi.org/10.5170/CERN-2015-003.83
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As can be seen in Fig. 1, the allowed relaxation in quasi-peak detection for a UPS over 100 A
per phase is more than 50 dB higher (i.e., more than 350 times in amplitude) than for a UPS with a
rated current up to 16 A. Moreover, the level of CM conducted emission up to 30 MHz corresponds to
a value over 60 dB (1000 times) above the limit of radiated level over 30 MHz!

1.2 Conducted emission levels are frequently too high

A reasonable conducted emission limit for an industrial environment is CISPR class A. This limit is
rather easy to meet up to 100 A per phase. For equipment with currents larger than 100 A per phase,
class A + 10 dB is a reasonable objective (both in quasi-peak and average detection).

[dB] Quasi-Peak measurement
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Fig. 2: Example of excessive conducted emission (80 kVA UPS, quasi-peak detection)

1.3 Beware of low-frequency band (from 2 kHz to 150 kHz)
Up to 2 kHz, the harmonic standard limits the emission levels to very low levels: no trouble.
Over 150 kHz, to meet a reasonable standard avoids most troubles.

But from 2 kHz to 150 kHz, there is still no limit for civilian standards. This band is jokingly
called ‘the Wild West’! Most of the troubles we meet on site appear at the switching frequency,
between 4 kHz and 20 kHz. A CISPR draft is under consideration to complete the conducted voltage
limit from 50 Hz to 150 kHz.
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Fig. 3: Example of generated current (here the switching frequency is 5 kHz)

Pending normalized emission level, the ITER Organization at Cadarache specified a conducted
emission limit based on a military standard (MIL-STD 461) for any cable (including signal cables).
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This test, which uses a current probe, is easy to implement on site. The level fits CISPR limit current
per phase over 150 kHz.
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Fig. 4: Conducted emission limit for ITER Facility (here below a rated current of 1 A)

1.4 A missing immunity test

The generic immunity standard for an industrial environment, EN IEC 61000-6-2, specifies many (too
many perhaps) immunity tests: electrostatic discharge, electromagnetic field immunity over 80 MHz,
electrical fast transient in burst (an excellent revealing test), surges, CM immunity from 150 kHz to
80 MHz, voltage drops, and voltage fluctuations. But no immunity test is required in the frequency
band from d.c. to 150 kHz. An abnormal vulnerability in this band may be ignored.

Yet a standard exists: IEC 61000-4-16. Cenelec plans to add this test for industrial
environments.

2 EMC concerns of power converters

2.1 The negative impedance behaviour

Most d.c./d.c. converters have a high-voltage input dynamic range, frequently larger than a factor of 3.
This means that an input-voltage reduction creates an input-current increase. This is called a ‘negative
impedance’ phenomenon; it should not be confused with a possible transient output overvoltage.

The consequences of this—now well-known—Dbehaviour, when the power supply distribution is
not very low, can be varied:

no start,

- start, but oscillates with the wrong output voltage (usually too low),

output voltage seems correct, but the maximum output current is reduced,

switching frequency instability, which can lead to destruction of the converter.
Fixes may be simple:

- add a larger input capacitor;
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- reduce the power distribution impedance (using several pairs in parallel, for instance);

- reduce the converter regulation bandwidth.

2.2 Immunity of an optocoupler

Optocouplers and opto-isolators are components commonly used in power converters. Incredible as it
may seem for electrical isolation components, the immunity of analogue optocouplers to CM
disturbances is never specified (but in d.c.). Most digital optocouplers are specified for maximum
dV/dt. Let us read the data sheet and comply with the limits, especially the maximum absolute ratings.

Many MOSFETs or IGBTs have a switching slope from 20 kV/us to 50 kV/s, while most
isolators are only specified up to a voltage rate immunity of 10—15 kV/us. This doesn’t lead to a
destruction, but creates high-frequency oscillations that increase switching loss and radiated
emissions, and may compromise reliability (due to IGBT second breakdown voltage, for instance).

Dicde overvoltage on the inverter IGBT 200A CM Mitsubishi 24A
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Fig. 5: Oscillation due to a voltage slope higher than opto-driver immunity (typically 15 kV/m)

2.3 Immunity and on-site fixes

The immunity of a power converter is usually correct. Nevertheless, some concern may occur
regarding:

- cross-conduction of both transistors of the same arm of the H-bridge,

- instabilities or regulation faults (usually due to CM current on internal cables),

- transmission failure (usually due to CM current on transmission cable).
Fortunately, effective fixes—without drawback risks—can be applied on site:

- adding bonds between chassis or cabinet ground,

- using a shielded cable with its braid grounded at both ends,

- connecting the unused wires of a cable to chassis ground at both ends,

- adding a ferrite toroid (of a few turns) over a sensitive cable (or flat ribbon cable).

It is easy and revealing to measure the CM current on cables. For large converters, the usual useful
bandwidth of the current clamp is 5-30 MHz. The maximum peak-to-peak current is typically 2 A,
but—for a pretty good margin—we recommend limiting this value at 400 mA.
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2.4 Input-to-output common-mode current for an isolated power supply

Most d.c./d.c. converters are isolated, using an insulating transformer. Despite this galvanic insulation,
some common-mode current can flow through the stray capacitance of the transformer.
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Fig. 6: Principle of primary-to-secondary CM current (typical waveform)

The amplitude of the CM current generated by an isolated d.c./d.c. converter may be as low as
1 mA (for a properly filtered power supply), or as large as 100 mA (for a poorly filtered d.c./d.c.
converter). The waveform is a damped sine wave with a pseudo-frequency of 5-10 MHz for a large
Switched Mode Power Supply (SMPS), reaching 25-50 MHz for a small SMPS. The repetition
frequency is twice the fundamental frequency of the SMPS.

This CM current may disturb any sensitive equipment in the vicinity, starting with the supplied
circuit itself. A simple solution to reduce this current is to add a CM choke or, if possible, to add
capacitors from the output to the chassis ground. The total length of this connection—including the
length of the metal column—must remain as short as practicable (less than 2 cm if possible).

2.5 Input-to-output CM current of an H-bridge

A single or three-phase H-bridge create large amount of common noise voltage. The CM impedance
of an H-bridge is very low, so the external ground loop impedance limits the CM current.
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Fig. 7: Principle of a CM voltage generated by an H-bridge (here a three-phase H-bridge)

The amplitude of the CM current generated by the H-bridge may be as low as few milliamps
(for a properly shielded output cable), or as large as 10 A (for a high-power motor drive). The
waveform is a damped sine wave with a pseudo-frequency of 2—5 MHz for a large H-bridge, reaching
10-25 MHz for a small one.

The two common solutions to limit CM current are:
- to shield the output cable (connected to the chassis ground at both ends),

- to filter the output (but then a large filter is needed).

2.6 Common-mode disturbances depending on the topology

Common-mode disturbances emitted by a power converter depend greatly on its topology. Three main
architectures can be analysed.

2.6.1 Case 1: The output of the converter is grounded

If the output of the power converter (usually a SMPS) is connected to the chassis ground, no CM
current flows out of the cabinet. Also, no CM currents should flow through the internal circuits. The
electromagnetic interference (EMI) mains filter is easy to optimize because the high-frequency (HF)
resonances are reproducible. The CM paths are mainly primary to chassis ground (through the heat
sink stray capacitance) and primary to secondary (through the transformer stray capacitance).

Metallic frame

: M Converter
Filter

t Electronic circuit
Icm 4'/

Fig. 8: Case 1: Best case—the converter output is grounded
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2.6.2 Case 2: The converter output is floating, but no other cable goes out

If the output of the converter is floating, no CM current flows out of the cabinet. Nevertheless, some
current may flow through the internal circuits and generate some noise. The EMI mains filter is harder
to optimize because HF resonances depend on the equipment cabling (so are difficult to control, due to
input-to-output variable HF impedance).

Metallic frame
Unfiltered @
EMC C . output
Filter “onverter — \

Icm 4'/ =C

Fig. 9: Case 2: The converter output is floating but no other cable is routed out of the cabinet

2.6.3 Case 3: A noisy cable goes out of the cabinet

If a “dirty’ cable goes out of the cabinet (for instance, the cable from a variable frequency drive to its
motor or to the battery of an inverter), then concerns may be severe.

First of all, the radiation of the equipment may be large and may upset other apparatus in the
vicinity. Furthermore, the EMI filter is impossible to optimize because the CM currents return by any
cable, even a perfectly filtered one.

Metallic frame

EMC @

Filter Converter
/v 1lter unfiltered

output

Icwr

Load

Fig. 10: Case 3: Worst case—a noisy cable is routed out of the cabinet

The usual solutions are:
- shield the noisy cable (with the braid connected to chassis ground at both ends),

- filter the cable (if possible, because such a filter may be a huge one).

3 EMC precautions in the design stage

Most of EMC concerns are easy to avoid during design. Let us consider the three most usual
precautions.
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3.1 Converter topology analysis

A. CHAROY

The easiest way to understand this is to take the example of a UPS schematic diagram.
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Fig. 11: Example of UPS schematic diagram

Figure 11 shows the schematic of a classical ‘trafoless’ (without an internal transformer) three-phase
UPS. Three points need to be seriously controlled.

3.1.1

The ‘hot’ conductors

A ‘hot’ conductor is a piece of circuit submitted to high dV7/ds, to high d//d¢, or both. First, we need to
identify all of them (essentially the H-bridges in the upper part of Fig. 11).

The stray capacitance between high d}7/ds and chassis ground must be reduced to reduce CM

current generation by:

- suppressing any localized capacitor,

- floating ‘hot’ heat sinks,

- increasing the distance to chassis ground,

- adding ‘electrostatic’ shields connected to the d.c. bus (not to ground).

The loop area of high d//d¢ must be reduced to limit H-field radiation by:

using bus bars,

using sandwich structures,

reducing the size of the loops.
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3.1.2 The ‘equipotential’ conductors

An ‘equipotential’ conductor is a conductor that must create a very low voltage drop despite a
significant current in it. We must identify all of them. An example in Fig. 11 is the neutral conductor.

An equipotential conductor must be:
- wide (avoid wires, straps are preferred),
- short (place the connected components close to each other),

- of sufficient thickness—the best is a metal plate, but a short copper bar may be used.

3.1.3 The external cables

Any external cable must be identified and properly installed during EMC testing. Correct filtering
effectiveness needs at least:

- an EMI mode filter on any external unshielded cable,
- afilter with the correct structure (for instance, without saturated chokes),

- all the filters should connect directly to the same chassis ground metal plate (to limit CM
emission),

- to control the crosstalk between the ‘dirty” and ‘clean’ sides of all those filters.

3.2 Cabling control

In HF, the geometry of the cabling greatly affects EMI emission. One major trap is crosstalk between
the upstream and downstream of an EMI filter. It is possible to improve the effectiveness of a filter by
adding capacitors, but if a star-grounding scheme is used the crosstalk between the branches of the star
makes the situation worse than without added capacitors.

MKR 178 kHz MKRE 158 kH
REF 148 .86 depV #AT 20 dB 123.90 depv REF 14@.6 dBpVY #AT 20 dB 92.78 dBp
FPEARK - T - B FPEAK T B
tga : : kgﬁ : . s : L
8frer|®. . With extra Qut poorly wired capagitors - | 88¢e,| o With better wired capacitors:
36.0 e : o B 36.9 : B i : S
EL I I b #e L = 19dB below reference: |

1R dB degradation ::| .. .. Cabling effect >30dB |

we ose| o w, o S WA SB : B :
SC FC SC FC| "Wy o o
CORR CORR
START 158 kHz - — Sf‘iP 'SEI.BBVNHz START 158 kHz STOP 35.53"“”‘12
L #REET EMW 3.9 kHz VEMW 90 kHz SHF 1.48 seq L #RES BMW 9.8 kHz VBW 38 kHz SWF 1.40 B

Fig. 12: Example of conducted EMI with poor (left) and better cabling geometry (right)

3.3 Risk of oscillations

Any H-bridge may oscillate if it is poorly wired or poorly controlled. Such an oscillation typically
appears between 30 and 300 MHz. The effects are a loss and radiated emission increase. The risks of
oscillations increase with:

- the gate trace (or cabling) length,

- the d.c. bus voltage (typically over 100 V),

- afast dV/d¢ or dI/dt switching rate (due to a high control current),
- afast transistor (with low parasitic capacitors),

- alow (or no) reverse blocking voltage.
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Fig. 13: Example of oscillation at 200 MHz (left) stopped with a ferrite bead in series with gate (right)

Solutions to an oscillation concern may be rather simple:
- the addition of a small resistor or a ferrite bead in series with the gate,
- the addition of a push—pull stage close to the gate,

- the use of a negative voltage block.

3.4 Immunity testing

The design of a power converter needs to control the thermal behaviour, the dynamic margins, the
transient stability, and EMI emission. Those checks are usually done well. But at least two immunity
tests should be done:

- asurge immunity test according to IEC 61000-4-5 standard (lightning immunity),
- an electrical fast transient in burst (EFT/B) test according to 61000-4-4 standard.

The low-frequency surge immunity may be simulated if we pay attention to non-linear effects
(at least saturation of inductances and voltage clamping by MOV or Transzorb).

The HF EFT/B test cannot be correctly simulated, so a test is needed. This CM test, over each
external cable, is simple, reproducible, and revealing.

AC mains
Capacitive \ supply
coupling EUT
clamp \
e X _/
0,1 m#

Insulating
support

Contact to th d
ontact to the groun . a
reference plane m
EFT/B Grounding connection according to
generator the manufacturer's specification
Length to be specified in the test plan
Fig. 14: Typical EFT/B test setup
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4 Measuring equipment

4.1 Measuring equipment for development

Power converter development essentially uses time-domain measurement apparatus (data channel).

4.1.1 Digital oscilloscope

A digital oscilloscope is needed with, at least, the following features:
- bandwidth > 300 MHz,
- single shot sampling frequency > 1 Gs/s,
- fine and precise triggering threshold,

- with the possibility of screenshot.

4.1.2 Current probes

During development, two current probes may be used:
- active d.c. (Hall effect) current probes (if possible with a bandwidth > 60 MHz),
- passive HF current clamp (if possible with a bandwidth > 300 MHz).

Both can be used without any particular problems; we just have to pay attention to the risk of
saturation and verify that the bandwidth is sufficient.

4.1.3 Voltage probes
During development, we need an active differential probe with, at least, the following features:
- primary voltage swing > 1000 V,
- bandwidth > 100 MHz (so a 50 Q output impedance is needed),
- CM rejection ratio > 50 dB at 1 MHz (=60 dB recommended),
- division factor of 1/200 to 1/2000,
- noise as low as possible, but <1 V peak-to-peak brought to high-voltage side.

Unfortunately, most differential voltage probes do not meet all these requirements.

4.2 Measuring equipment for EMC testing

EMC testing and validation essentially uses frequency-domain data channels.

4.2.1 Spectrum analyser or measuring receiver

A spectrum analyser is a fast, easy-to-use, and reasonably low-cost piece of equipment. Unfortunately
spectrum analysers may saturate easily and usually do not display log-log results (dB vs. log of
frequency). With its pre-selector and numerous simultaneous detectors, an EMI receiver may be
preferred. In both cases, the following features are required:

- input overvoltage protection (both are fragile),
- minimum frequency band 150 kHz to 1 GHz,
- MIL or CISPR normalized bandwidths.
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4.2.2 LISN and 1500 2 probe

Up to 16 A per phase, a Line Impedance Stabilization Network (LISN or artificial network) is
required. For high currents, however, a CISPR 1500 Q probe is required.

The implementation of a LISN requires the taking of some precautions:
- an isolation transformer to limit current leakage at 50 Hz,
- avery short ground connection to the voltage reference plate,
- voltage control of the output,
- some ventilation for high power,
- removal of the magnetic field radiated by the power converter.
A 1500 Q voltage probe may be homemade. Its use requires the taking of some precautions:
- ashort connection to chassis ground,
- the absence of interfering equipment in the environment,

- the acceptance of deviations from a measurement with an artificial network.

4.2.3 Current probe
For EMI measurements, we need at least two current clamps:

- A low-frequency clamp (say from 5 kHz to at least 30 MHz). This current probe should not
saturated by a large 50 Hz component. Its transfer impedance may be derivative up to about
1 MHz.

- A high-frequency probe (say from 10 MHz to 300 MHz). This probe should have a flat
transfer impedance. The recommended value is 5-10 Q. Such a sensitive clamp may also be
homemade.

4.2.4 Other near-field homemade probes

Some near-field (non-calibrated) probes are very useful for EMC analysis when developing power
converters. Those E-field and H-field may be homemade. Their size will be adjusted as required.

Fig. 15: Some examples of homemade AB/At, AV/At, and Zt measurement probes
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5 Conclusions

Power converters may generate a large amount of electromagnetic noise. They must be filtered and,
possibly, shielded. Some features can be correctly simulated, for instance low-frequency stability or
transient behaviour. Unfortunately, some EMC features can only be measured at the end of the design.
For instance, conducted or radiated behaviour over 1 MHz for a large converter (10 MHz for a small
one) is quite difficult to simulate correctly.

The EMC of a power converter is quite easy to control if we correctly:
- foresee phenomena during an early part of the design stage,
- plan the time to analyse and understand the measurements after development,
- plan the time to fix the troubles and to optimize the EMC solutions (filters and shields).

Recall that most large converters (UPS or motor drives) meet European standards but not the
requirements of the EMC directive. That is the reason why the CISPR standard should be reviewed:

- to suppress the ‘Wild West effect’ (from d.c. to 150 kHz) in both emission and immunity,

- to reduce the permitted conducted emission level for equipment over 100 A per phase.
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Abstract

The handling of weak networks with asymmetric loads and disturbances im-
plies the accurate handling of the second-harmonic component that appears in
an unbalanced network. This paper proposes a classic vector control approach
using a PI-based controller with superior decoupling capabilities for operation
in weak networks with unbalanced phase voltages. A synchronization method
for weak unbalanced networks is detailed, with dedicated dimensioning rules.
The use of a double-frame controller allows a current symmetry or controlled
imbalance to be forced for compensation of power oscillations by controlling
the negative current sequence. This paper also serves as a useful reminder of
the proper way to cancel the inherent coupling effect due to the transformation
to the synchronous rotating reference frame, and of basic considerations of the
relationship between switching frequency and control bandwidth.

Keywords
Asymmetric networks; weak networks; PLL; double frame control; multivari-
able PI control; power theory.

1 Introduction

In the field of grid-connected power converters that interface a DC link to an AC three-phase network, the
control of the current taken or injected presents challenges that are not taken into account when infinite
networks are considered. In fact, networks are becoming weaker and weaker owing to the multiplication
of decentralized power sources and islanded systems. As a consequence, there is a strong need for a
synchronization system that can handle the disturbances inherent in weak networks, and the harmonics
produced in the controlled power converter itself.

Moreover, the need for operation in an unbalanced network implies a need to control the second-
harmonic component that appears more generally when an asynchronous network is operated in a syn-
chronous reference frame. Also, being generally limited in bandwidth because of the very low switching
frequencies used on the network side, the current controller is unable by itself to compensate for second-
harmonic perturbation.

A common solution, not focused on any particular application, must be found for any grid con-
verter connected to a weak network [1]. This paper offers a simple method that is applicable over a wide
range of fields, including industrial drives, wind generators, ship applications such as hybrid propul-
sion and onboard network supplies, electric vehicles (with support for smart grids), aircraft AC and DC
onboard networks, and any islanded system, moving or not.

2 Converter and grid considerations

The typical voltage source inverter connects a DC link to the grid through a transformer with a filter
on its secondary side. As illustrated in Fig. 1, the grid transformer may be modelled by its leakage
impedance added to the filter inductance. The main purpose of the converter is to control the current,
either to maintain the DC link voltage Vpc or to maintain the voltage on the network side. The interfaced
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signals and system parameters are described in Table 1. The network as seen from the power converter
side may be modelled as a voltage source Vgt and its grid impedance Zng as seen from the converter
side, reflecting its strength as in Ref. [2].

Line impedance

Filter impedance

DC link
loc ==~ loan
I _‘_D_

[

: le |
3-phase R I }
ACIDC | TTCoc!

‘ I | Voc

[
J I A

Fig. 1: Grid-connected power converter on system level

The converter is operated using a vector control strategy. The grid voltages E'pcc measured at the
point of common coupling and the converter currents /pc can be described in the synchronous reference
frame computed by the well-known Park transformation; here, proper decoupling with respect to network
perturbations is a key requirement for a stable controller. The synchronization with the grid, which is
done with a dedicated phase-locked loop (PLL) that provides the reference for the vector controller, is
detailed in the following section.

Table 1: List of signals and parameters in the system

Signal Units | Description
ENET v Three-phase network voltage
Epcc v Three-phase voltage measured at PCC
wn  Hz | Angular frequency of the synchronous rotating frame
On  rad | Position angle of the synchronous rotating frame
Ve \" Power converter voltage on grid side
Ipc A Power converter current on grid side
Vbe A" DC link voltage
Inc A Feeding current from grid converter
Ic A DC link capacitor current
I1.0AD A Load current
Parameter Units | Description
Cbhc F DC link capacitance
L, H Equivalent line inductance on the converter side
R, Q Equivalent line resistance on the converter side
Ly Q Equivalent total line impedance on the converter side
LNET H Equivalent line inductance of the network
RNET Q Equivalent line resistance of the network
ZNET Q Equivalent total line impedance of the network
JNET Hz Frequency of the network
¢onET rad | Angle of equivalent network impedance phasor
Sscc VA | Short-circuit power of the network

2.1 Strength of the grid

The strength of a network is defined by its short-circuit power Sscc as it appears at the point of common
coupling (PCC). It may also be expressed as a ratio relative to the nominal power of the grid converter.
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Strong networks typically have a nominal power higher than 20 times that of the grid converter, and
very weak networks, such as networks in ships and remote microgrids, have less than 8 times that of
the grid converter. This value defines the influence of a power converter on a given network. In the
case of a converter connected to a weak network, ZngT is not negligible compared with Z,, and then
the voltage Fpcc as measured at the point of common coupling is different from the idealized network
voltage VNET, as illustrated in Fig. 2. In such a case, harmonics injected by the power converter appear
in the measured voltages, which significantly disturb the controller as illustrated in Fig. 3(b). Under
conditions of phase voltage imbalance, the approximate circle in the Cartesian plane becomes an ellipse
as in Fig. 3(c), in which case filtering as in Fig. 3(d) can only be performed by applying the decoupling
principles described in the following section. To assess the equivalent impedance of the network as seen
from the PCC, one can use the relations given in Eq. (1):

E2
ZNET = SNET,
scc
RNET = ZNET COS ONET, (D
ZNET Sin ¢NET
Lygr= ————
27 fNET

AT
~

a0 a0 a0 a0
4 7
0. -05 0. -05 \

(a) (b) (©) (d)

Fig. 3: o[ representation of voltages at PCC (a) for a strong network (20x) under balanced conditions, and for
a weak network (5x) under (b) balanced and (c) unbalanced conditions; (d) its recomposition from decoupled
filtered values.

3 Grid synchronization

The most common way of synchronizing a controller with an alternating signal is to use a PLL. The
quadrature part of the network voltage, transformed into the synchronous reference frame, is used as the
rotating-frame phase error input to a PI controller. However, the use of simple filters is not adequate
for synchronization with weak networks with harmonics and asymmetric disturbances. Several methods
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for improving the robustness of the synchronization of the system with the network have been presented
[3-6]. In the work presented in this paper, the method implemented for decoupling the second harmonic
inherent in a voltage imbalance was inspired by Ref. [7], where decoupling of the positive and negative
sequences of the voltage allows all perturbations in each reference frame to be properly filtered, and then
the sequences are recombined to obtain a clean representation of the network with selected harmonics.

3.1 Phase-locked loop

The control principle of the synchronous-reference-frame PLL was based on the minimization of the
phase error between the rotating frame and the network, as illustrated in Fig. 4. The quadrature compo-
nent of the voltage was used directly as the phase error, since one can take the sine of a small quantity as
almost equal to that quantity. Using a simple PI controller, the resulting value was filtered to obtain the
state variable wy, which was integrated to obtain the phase function 6.

! dw—N PI
Jo | e W
—> Eq
Eog—¥ [Taq*']
» Ep
Pl controller Filter Integrator
Eq=sin(Oner- On)| 4457, WP 1 wN 1 On
- N
= 0emr R s el g

Fig. 4: Equivalent control structure of the PLL

The parameters of the PI controller were set using a magnitude optimum criterion given by the
transfer functions of the filter, Gr(s) (Eq. (2)), the plant, Gs(s) (Eq. (3)) (which was actually the inte-
grator), and the controller itself, GR(s), as described in Eq. (4). The time constant T of the controller
was set in order to compensate the dominant time constant of the system Tg (Eq. (5)), and the integral
time constant 71 was set as a function of the filter time constant Tx (Eq. (6)):

1
Gr(s) = oo @)
1
GS(S) = av 3)
1+ sTq
Gr(s) = TIN (@)
1
In = 1TIs= ) (5)
WNET
Ty = 2KpKsTr = 2Tk. (6)

As a result, the open-loop transfer function Go(s) = GRr(s)Gr(s)Gs(s) crossed the zero axis
with a slope of —20 dB/dec and eliminated all higher frequencies, as illustrated in Fig. 5. By computing
the optimal parameters using the magnitude optimum criterion, we obtained a phase margin of 63° that
ensured stability of the system. The time constant TF of the PLL filter, which defines the overall dynamics
of the system, was chosen as a function of the utility grid frequency and the harmonics that we wanted
to eliminate.

100



DOUBLE-FRAME CURRENT CONTROL WITH A MULTIVARIABLE PI CONTROLLER AND POWER...

Gain -40dB/dec

Te log(w)

-40dB/dec

Fig. 5: Bandwidth of the control structure of the PLL

3.2 Synchronization with a weak network

The PLL described above was tested in a hardware-in-the-loop (HIL) simulation model recreating a real
industrial control platform, with its own individual sampling systems connected to a model of the power
components as described in Fig. 1. The PI controller was tested with a phase step in the phase voltages,
which corresponds to a situation where a reactive load is connected to a network with which a converter
must be synchronized. This phase step could be performed in the rotating frame itself to test a PLL in a
real system.

As illustrated in Fig. 6(b), the PLL became synchronized with the network phase after one and
a half periods, corresponding to the time constant of the PLL filter. The harmonics due to converter
switching were entirely rejected as long as the phase voltages were balanced. When a phase voltage
imbalance occurred, as in Fig. 6(c), the inherent second harmonic appeared in the angular frequency wy
of the reference frame, and also appeared in the phase .
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Fig. 6: (a) Phase step in the phase voltages of a weak network, (b) response of PLL to phase step, (c) asymmetric
phase voltages in a strong network, and (d) effect of second harmonic in the PLL signals due to asymmetry.
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3.3 Synchronization with an asymmetric network

To operate with signals containing a strong second-harmonic content, one needs to apply a decou-
pling strategy in two reference frames, namely the positive- and negative-sequence synchronous rotating
frames. The decoupling of the two sequences, as introduced in Ref. [7], uses the core principle that the
vector projection onto a reference rotating frame results in a DC component in the frequency content of
a signal corresponding to that reference rotating frame. A signal containing several harmonics can be
described in the Cartesian plane by the addition of several vectors of a fixed length rotating at a fixed
frequency.

According to the decoupling principle illustrated in Fig. 7, one can separate the reference signal
into a fundamental component and its second harmonic, described individually in two different rotating
reference frames. Once the two rotating vectors have been found, one can decouple them from each
other in order to consider the second-harmonic perturbation separately from the fundamental harmonic.
The benefit for a PLL that is synchronized with the rotating reference frame lies in the possibility of
using a reference signal from the positive sequence decoupled from the second-harmonic perturbation.
Its implementation is not as difficult as is stated in Ref. [8] and does not require the use of notch filters,
which are not reliable. Moreover, the function of the decoupling is not restricted to the PLL controller;
it also provides four decoupled voltage components that can be used in current control as voltage feed-
forward signals, and can possibly be used to compute current references for the compensation of power
oscillations occurring during phase voltage asymmetries.
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Fig. 7: Double-decoupled synchronous-reference-frame PLL

A mathematical proof supporting this decoupling scheme can be found in Ref. [7], but the overall
operation principle is illustrated in Fig. 8. The phase voltages are first transformed to both positive-
and negative-sequence rotating reference frames, giving the four blue curves ESCP, E(—SCP’ Epcps and
Eé . From each of them is subtracted the projection of the decoupled value from the opposite reference
frame, ESDECNEG, E(gDECNEG’ bDECPOS> and EéDECPOS, respectively, shown here in red. This op-
eration results in voltages in two reference frames decoupled from the opposite reference frame, EE)FDEC,
E(SDEC, Erpgcs and EéDEC, shown in green. These decoupled voltages are filtered to obtain the cyan
curves ESFILT, E&SFILT, Eppprs and EngILT, and transformed into the opposite rotating reference
frame to produce again the red curves EgDECNEG, E&SDECNEG, DDECPOS, and E&DECPOS, which
are used to subtract the coupling from the input voltages. The filter is necessary in order to avoid the
infinite-gain loop inherent in the decoupling system. The implementation in a digital controller requires
a buffer for feeding back the filtered decoupled values.

When an imbalance occurs, as in the DQ representation of the voltages in Fig. 9(a), the decoupling
of the two opposite sequences is computed using a time transient due to the filtering of the feedback sig-
nal. The results of recombination of the two filtered and decoupled signals (Figs. 9(b) and 9(c)) contain
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Fig. 8: Decoupling illustrated with values of (a) the positive-sequence D components, (b) positive-sequence Q
components, (c) negative-sequence D components, and (d) negative-sequence Q components.

only the fundamental frequency from the positive-sequence rotating frame and the second harmonic from
the negative-sequence rotating frame. As the filtered signal provides a clean description of the second
harmonic with no phase errors (Fig. 9(d)), this filtered signal can be used as an accurate feedforward
value at the output of the current controller.

4 Current control

The current controller for the voltage source inverters that was used in this work was similar to the
classic PI controller operating in the synchronous rotating reference frame, but had superior decoupling
characteristics [9, 10]. Dimensioning rules will be given for the optimal parameters as a function of the
bandwidth of the whole system. For grid-connected converters operating at lower switching frequencies,
the bandwidth does not allow one to compensate the second harmonic due to phase voltage imbalance. In
the present work, an approach similar to that used for the decoupling of the second-harmonic component
of the network voltages was adopted for the measured phase currents. In the positive sequence, the
current vector is given by [ Br and I}, and the current vector in the negative sequence is given by I p and
16 . If the currents are well balanced, the negative components I; and 1, q are zero; if the currents are
in phase with the voltages, the positive component 15 is zero. Feeding the decoupled voltages in the
positive and negative sequences forward helps the controller to compensate the current imbalance [11].
However, for full control of the current (im)balance, we suggest a double-frame control approach, with
one frame controller for each of the two sequences. This method is well known in the literature [12-16];
however, the proper decoupling of the sequences in the two rotating frames was introduced only in
Ref. [17], and details were given in Ref. [18]. Other control methods exist in the stationary reference
frame [19], but will not be considered here.
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Fig. 9: (a) Decoupling of the second-harmonic component in positive-sequence reference frame, (b) decoupled
positive sequence, (c) decoupled negative sequence, and (d) recombination of decoupled sequences.

4.1 Multivariable current controller for voltage source inverters

The plant is described in the stationary reference frame as a function of the voltage phasor U, the current
phasor I, and the passive elements R, and L, as in Eq. (7). The transformation to the rotating reference
frame causes the voltage Ug to appear as a component jwLsIg as in Eq. (8), which is the inherent
coupling between the direct and quadrature components. In the classic PI controller, this component is
compensated by a proportional term wL,, but mathematical analysis shows that the full compensation
contains a cross-coupling with integrators, as demonstrated in Refs. [9, 10], when the principle of the
multivariable PI controller is applied:
d(Z)

Q - R(rl“‘Lo‘?; (7)

d(Ze?")
dt

_ df

Us = Rl + L, = RoIs+ Lo + jwlols = [Ry + (s + jw)LolLs.  (8)
The feedback control principle is illustrated in Fig. 10(a). The block elements of the system,

considered in the Laplace domain, describe the plant Gg(s), the modulator Gy (s), and the measurement

of the current. The controller GR(s) was defined in order to compensate the plant time constant 7. The

integral time constant 77 was defined using the magnitude optimum criterion as given by Eq. (9):

KS KM LU
G 3 == o /7 T N G S - IR —— —_— T - -
5(s) 1+ (s + jw)Ts v = Ty [Tn=Ts, "R, ©)
1+ (s+jw)Tn  1+sTy  jwlN T = 2KsKnvT, 1
GR(S) = = + s Kg = s
STI STI STI Rcr
1+ (S =+ jw)TN KM KS 1 1
G =G G G = = . (10
0(8) = Gr(s)Gm(s)Gs(s) sTh 1T sTult (5t Ty s2iyitsiy OO0

104



DOUBLE-FRAME CURRENT CONTROL WITH A MULTIVARIABLE PI CONTROLLER AND POWER...

The open-loop transfer function Go(s) of the whole system is given by Eq. (10) and is illustrated in
Fig. 10(b). The controller time constants were set in such a way that the open-loop transfer function
crossed the zero axis with a slope of —20 dB/dec and a phase margin of 63° was kept, ensuring the
stability of the system. The bandwidth of the system was limited by the time constant of the modulator.

Gain -20dB/dec
Gr
Sampling Gs
| Ks
Digital control | Power system |
Kwm
s | RN
EPCC \ B ! | |
Ts=Tn TN Tm og(w)
Irer Gr(s) — Gwl(s) Gs(s) D
Vocrry Vec Ipc rodsd
1 - ec
(a) (b)

Fig. 10: (a) Principle of feedback control; (b) system bandwidth

Finally, the control principle of the multivariable PI controller, leading to the control equation
described in Eq. (11), is illustrated in Fig. 11(a). The sampling of the measurement and the control
is synchronized with the triangle of the pulse width modulation (PWM), which is synchronized with
the PLL as illustrated in Fig. 11(b), as described in Ref. [20]. In such a way, one can operate the
power converter at low frequencies by ensuring symmetry in the current signal. Moreover, the current
measurement is performed between two switching events, where an average value between two peaks is
considered naturally and additional filters adding unnecessary phase shifts are not required:

1+ sTN wIN
VD = 71Dorr + 71chr7
Sﬂ STI (1 1)
14+ sTn wiInN

- 71— T o
Q STI Qe + STI

lprer 32— 1+sT,
=l Voctre

) WnTN

ST|

B Wy

ST|

| o 1+sTy

| A sT,

QREF
la
(a)

Fig. 11: Principle of (a) the multivariable PI controller and (b) sampling/modulation

4.2 Control of the current in an asymmetric grid

An approach similar to the decoupling of network voltages presented in the previous section was adopted
to obtain four decoupled components from the measured currents. The current controller presented in
this paper was implemented in the HIL simulation model. The control platform had its own individual
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sampling system, but the controller sampling and the pulse width modulator were synchronized with the
PLL of the network, as illustrated in Fig. 11(b), for all switching frequencies tested in the work described
in this section. The second-harmonic component appearing in the voltages can be compensated by the
current controller only if the bandwidth of the system allows it. As shown in the previous section, the
control loop bandwidth depends mainly on the modulator, and specifically on the converter switching
frequency.

To illustrate the bandwidth limitations of the controller, the power converter was operated at
450 Hz. The current controller was tested with two current steps under conditions of phase voltage
imbalance. As illustrated in Fig. 12(b), the measurement of the four voltage components was not af-
fected by the low switching frequency. One can see in Fig. 12(c) the accuracy of the decoupling between
the direct and the quadrature components performed by the multivariable PI controller. Also, the currents
do not seem to be affected by the transient that appears when the voltage imbalance occurs. However,
Fig. 12(d) shows a negative sequence appearing in the currents, indicating that current balance is not
ensured owing to a lack of bandwidth on the controller side.

Network Voltages Net voltage DQ componants in positive/negative sequence
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Fig. 12: Operation at 450 Hz switching frequency: (a) phase voltages under balanced conditions, (b) decoupled
voltage components, (c) currents and references in the positive sequence, and (d) the negative sequence.

4.3 Balance control of the three phase currents under asymmetric phase voltage conditions

In order to accurately control each of the four current components distributed in the two rotating refer-
ence frames, two current controllers are needed, one for each rotating frame, with a proper decoupling
of the four components. The double-decoupled synchronous-reference-frame multivariable PI current
controller, illustrated in Fig. 13, consists of two single-frame current controllers implemented in mirror
form for both the positive and the negative sequence.

In the positive reference frame, the direct and quadrature current references 1, SREF and [, (3REF are
applied to the two cross-coupled PI controllers regulating the network currents IS and Iég before the
decoupled network voltages Eg and E(g are applied as a feedforward signal. In the negative frame, the
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Fig. 13: Double-decoupled synchronous-reference-frame multivariable current controller

same scheme is applied in mirror image form, with inverted signs in the cross-coupling contributions.
The output voltage reference signals VI, and V(, are transformed to the positive sequence before being

added to VJ and Vé’ as a contribution for the unbalanced phase voltages before being applied by the
modulator.

The current references Ijyppp and Ipgp in the negative sequence can be set to zero to ensure
current symmetry in the case of imbalance in the phase voltages. With values different from zero, the
current references Inppp and 1, QRrEF can be used to control the negative-sequence currents in order to
introduce imbalance into the phase currents.

The double-frame controller was tested under conditions of voltage imbalance with four current
reference steps. Figure 14(b) shows that the currents in the positive sequence were well controlled and
decoupled. In the negative sequence, as illustrated in Fig. 14(c), current symmetry could be ensured by
control; at the same time, we could control the imbalance freely to obtain currents as in Fig. 14(d). After
the decoupling between the direct and the quadrature components of the currents by the multivariable
PI approach had been verified, Fig. 14(b) shows that a small transient appeared in the negative sequence
when a current step was applied in the positive sequence. The reason comes from the necessary filtering
applied to the feedback signals and the fact that the sudden phase imbalance appears as a step in time.

5 Power considerations

The previous section introduced a simple way to control the four components of the phase current,
independently of the state of balance of the phase voltages. When imbalance occurs, the second harmonic
appearing in the phase voltages affects the instantaneous power seen at the point of common coupling. If
uncontrolled, the phase currents tend to have an imbalance in the same direction as the imbalance in the
phase voltages. This strongly affects the instantaneous power as seen at the point of common coupling
and also on the DC link side, as pointed out in Ref. [21]. When a phase voltage imbalance occurs and
the controller maintains symmetry in the phase currents, the second harmonic in the instantaneous power
is considerably reduced, and the ripple in the DC link voltage is reduced at the same time. Another
way is to act on the current references so as to impose an imbalance in the phase currents to counter the
phase voltage imbalance. For this compensation to be implemented, the instantaneous power must be
computed as a function of the four current and four voltage components to assess the current references
as a function of the voltage imbalance.
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Fig. 14: Double-frame current control: (a) phase voltage imbalance, (b) current control in the positive sequence,
(c) current control in the negative sequence, and (d) resulting phase currents.

5.1 Power oscillations during network imbalance

When an asymmetric perturbation occurs in the phase voltages, as in Fig. 15(a), and if symmetric current
operation is maintained as in Fig. 15(c), a second harmonic appears in the computation of the active and
reactive instantaneous power as in Fig. 15(d). This power oscillation is even stronger if the negative
sequence of the current is not controlled, since the current imbalance tends to be in the same direction as
the voltage imbalance (as in Figs. 12(b) and 12(d)). A simple relationship established in Ref. [22] links
the power ripple to the DC link ripple, as shown in Eq. (12):

P, ripple

—_—, 12
2CpcwVpc (12)

VDCripple =
There is an evident relationship between the voltage ripple and the value of the DC link capacitance,
which in industrial applications tends to be as low as possible. Therefore, to maintain the DC voltage
ripple at its minimum, one must act on the power ripple either by operating with symmetric currents or
by compensating the phase voltage imbalance with an opposite phase current imbalance.

5.2 Elements of instantaneous-power theory

One approach to defining the reactive instantaneous power was introduced in Japan in the 1980s and has
been considered as a reference [23-25]. In contrast to the German approach known as the FBD method
[26], this instantaneous-power theory has led to many further developments and attempts to find a unified
theory. Some other approaches that have introduced different definitions of power components, such as
Refs. [27,28], have shown the state of uncertainty and lack of agreement in the scientific community
[29-32]. In the Japanese approach, the apparent power is a combination of continuous parts Pygr and
@neT and four redundant second-harmonic oscillating parts Poc, Pag, Q2c, and Qg, as in Eq. (13). The
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Fig. 15: Power considerations for unbalanced network: (a) phase voltages, (b) control of positive-sequence cur-
rents, (¢) resulting phase currents, and (d) instantaneous active and reactive power.

active and reactive power are found by taking the real and imaginary parts, respectively, of the apparent
complex power SNET:

SNET = (P + Poc cos(2wt) + Pag sin(2wt)) + j(Q + Qac cos(2wt) 4+ Qas sin(2wt)). (13)

The concept of the quadrature complex power TxgT was introduced in Ref. [33]. The reactive
power is calculated on the basis of the conjugate current vector I]*DQS and a voltage vector E]’DQS lagging
the pole voltage vector Epqs by 90°. Following this approach, the active power Pygt is the real part
of the apparent complex power SygT and the reactive power ngT is the real part of the quadrature
complex power TNgT as in Eq. (14):

= %EDQSIE)QS’

I* — eijtI—i- _ efijtI— ,
SNET DQS ba bQ Pygr = Re {SxET},
INeT = %E]/)QSIBQ87

Epqs = e?NUES 4+ e INLED
E ’ = —jeﬂ'wzvlz%+ + je—jw?v?E— Qner = Re{Ter}-
DQS DQ DQ’
(14)
In any case, the instantaneous power components can be computed as in Eq. (15) and can serve as a basis
for the computation of the compensation, in a way similar to that proposed in Ref. [34]:

P ES  ES  Ep Eg I
Q | 3| E, By —Ey Ep 13 {15
P | 2| By Ey  Ep EJ I
Pos Eq —-Ep, -Ef Ep I
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5.3 Compensation methods

The relation presented in Eq. (15) is the starting point for establishing current references for reducing the
second-harmonic content of the active power. By setting the oscillatory parts Poc and Psg of the complex
power to zero, one can perform a simple matrix computation of the voltages to find the corresponding
current references. This approach was introduced in Ref. [35]. Another method was introduced in
Ref. [36], which considered the voltage drop across the filter impedance; in this reference, the original
approach was criticized for containing a singularity. As demonstrated in Ref. [11], however, the second
approach contained the same singularity. Finally, a third similar approach was introduced in Ref. [37], in
which the strength of the network was considered. But, from the point of view of current control, none of
those three methods can be distinguished from the others. Therefore, only the original method, described
by Eq. (16), is presented here, for simplicity:

-1

I E} E§ Ep Eg P
Iy | | BS —ES —Bq Ep Q {16)
I E, Eg Ej Ej 0
14 Eq —-Ep -Ef Ef 0

The original method consists in solving the equations given in Eq. (16), where the current ref-
erences are computed from the four components of the phase voltages as seen at the point of common
coupling. The determinant Det of the condition matrix is calculated as in Eq. (17). A singularity appears
when D reaches zero, and therefore this method is limited and cannot compensate for a full phase loss.

ISREF EBL E5
— 2
Lrer | P | E§ LQ| B Det = —D~,
D = [(B? + (G| - [(Bp)? + (BQ)?]-

Iorer |~ D | —Ep D| Eg

Tqrer —Eq )

a7

A simulation of the power converter was run with the previously presented double-frame controller

under several conditions of phase voltage balance and imbalance. The power compensation approach

was implemented as a function of the four components of the phase voltages to compute the four current

references. The system was run with several steps in the active and reactive currents, and the four current
references were computed as a function of the four voltage components.

From the point of view of current control, all three compensation methods showed exactly the
same results as for compensation of the active power at the point of common coupling, regardless of
the strength of the network, the switching frequency, or the value of the line impedance on the power
converter side. The compensation of the active-power oscillations could therefore be done by the method
suggested in Ref. [35], which requires the lowest computation effort. When voltage imbalance appeared,
the current references were all adjusted as in Figs. 16(a) and 16(b). As predicted, the resulting phase
currents, illustrated in Fig. 16(c), allowed us to compensate the active-power oscillations as in Fig. 16(d)
by increasing the reactive-power oscillations.

As long as the phase voltage dip is within some established limits, given by the condition that
the positive-sequence components of the voltage remain higher than the negative-sequence components,
one can increase the corresponding phase current to maintain the instantaneous active-power balance
on the network side. Such operation is obviously limited by converter limits such as the maximum
semiconductor device current, and the maximum phase voltage dip that can be handled by such a control
method is dependent on the operating point of the whole power converter at the moment of the phase
voltage dip.
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Fig. 16: (a) Active-power-oscillation compensation with current references in the positive sequence, (b) computed
current references in the negative sequence, (c) resulting phase currents, and (d) instantaneous active and reactive
power.
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6 Conclusions

When a voltage source inverter is operated with any type of grid, the synchronization must be robust
enough to be able to reject all harmonics coming from the grid, as well as from the power converter
itself. With respect to rejecting the second-harmonic component due to phase voltage imbalance and
ensuring good PLL dynamics at the same time, the use of a decoupling method for the positive and
negative sequences proved to be sufficiently accurate and allowed the current controller to work with
four decoupled voltage components to handle asymmetries.

The current controller, when optimally tuned, showed its limitations in terms of bandwidth, es-
pecially at low switching frequencies. For the proper handling of currents under conditions of voltage
asymmetry, feeding the decoupled values of the voltage forward is already a step forward. However, to
ensure current symmetry, a second frame controller must be implemented to ensure zero values in the
negative sequence of the currents.

One can control the current imbalance in such a way that the active-power oscillations due to
voltage imbalance are reduced. A current reference computation method based on instantaneous-power
theories has been presented and implemented. For phase dips down to a certain level, this compensation
proved to work accurately, as long as the semiconductors allowed an increase in the current in some of
the phases.
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Abstract

This article presents the main topics related to one-quadrant power convert-
ers. The basic topologies are analysed and a simple methodology to obtain the
steady-state output—input voltage ratio is set out. A short discussion of dif-
ferent methods to control one-quadrant power converters is presented. Some
of the reported derived topologies of one-quadrant power converters are also
considered. Some topics related to one-quadrant power converters such as syn-
chronous rectification, hard and soft commutation, and interleaved converters
are discussed. Finally, a brief introduction to resonant converters is given.
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1 Introduction

Switched-mode power converters are a very efficient way to transfer energy from a source to a load. A
switched-mode power converter is formed from switches, inductors, and capacitors. If these components
are ideal, they do not dissipate energy, and the efficiency of the power converter is 100%. A further
advantage of switched-mode power converters is the increase in power density that has occurred in
recent years. The power density is defined as the ratio between the nominal power of the converter
and its volume. This power density has been constantly increasing owing to an increasing switching
frequency.

As this is a broad topic, there are several different ways to classify switched-mode power convert-
ers. The one-quadrant power converters are those with the capability to provide an output in only one
quadrant of a plot of output voltage versus output current. These converters have the capability to transfer
energy in only one direction. Most one-quadrant converters can also be classified as DC-DC converters.
The main application of these converters is in voltage regulation. In this application, a non-regulated
voltage, which is usually provided by a diode rectifier stage, is converted to a regulated output voltage
which is not affected by the grid or variations in the load.

This article gives an introduction to one-quadrant power converters. It presents the basic, or direct,
DC-DC converter topologies, showing typical waveforms and the basic design equations. The basic
concepts of regulation and control of DC—DC converters are also discussed. Section 4 presents some
of the most typical derived converter topologies reported in the literature. Some topics related to one-
quadrant power converters, such as synchronous rectification, interleaving, and soft commutation, are
presented in Section 5. Finally, resonant converters are briefly mentioned.

1.1 One-quadrant switched-mode power converters in particle accelerators

The main application of one-quadrant power converters is in storage ring particle accelerators. These
accelerators are the key components of synchrotron radiation light source facilities. A storage ring is
a particle accelerator where the particles circulate around a ring for several hours while their energy is
maintained constant. As the energy of the particles is constant, the magnetic fields used for bending and
focusing the particle beam are also constant. These magnetic fields are generated by currents provided
by high-precision, stable power supplies. The precision and stability of these converters are of the order
of several parts per million.
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Fig. 1: Simple DC chopper: (a) circuit diagram; (b) output voltage waveform

2 Basic one-quadrant power converter topologies

This section provides a short introduction to the basic topologies of one-quadrant power converters.
These basic topologies are also known as direct DC-DC converters. One characteristic of these topolo-
gies is that they are built using only one commutation cell. A brief description, a methodology for the
analysis of these topologies, and key design equations are presented. First, the DC chopper converter is
discussed as an introduction and to show how the average output voltage of a converter can be modified
using ‘on—off” switches. The basic topologies considered are the buck, boost, and buck—boost converters.

2.1 DC chopper

The simplest one-quadrant converter is the DC chopper, shown in Fig. 1. This consists of a DC input
voltage source, a controllable switch, and a load resistor. When the switch is closed, the input voltage
is applied to the resistor. This is defined as the ‘on’ state of the converter. When the switch is open, the
current through the resistor is zero and the voltage is zero. This is called the ‘off” state of the converter.

The switch can be operated with a duty ratio D, defined as the ratio of the on time of the switch to
the sum of the on and off times. For constant-frequency operation,

tOIl tOIl

D=——7——, (1
ton + Lot T

where 1" = 1/ f is the period of the switching frequency f. The average value of the output voltage is
Vo = DVs. 2)

This average output voltage can be regulated by adjusting the duty cycle D.

The circuit shown in Fig. 1 is not a ‘practical’ circuit. The main reason for this is that it is not
possible to build pure resistive elements. In practice, the connection of devices and circuit elements
creates stray inductances that have to be taken into account. A circuit including the stray inductance of
the load is shown in Fig. 2.

The inclusion of the inductance of the load leads to a need to provide a path for the current in
the inductor. This is to comply with the ‘rule’ of power electronics that a current source that is like an
inductor must not be open-circuited. Two circuits are defined according to the state of the switch; these
circuits are shown in Fig. 3. The current paths are shown in red.

The load voltage and current are plotted in Fig. 4 under the assumptions that the load current
never reaches zero and the time constant of the load 7 = Ly, / Ry, is much greater than the period 7". The
average values of the output voltage and current can be adjusted by changing the duty ratio D. This is
the principle of control of switched-mode power converters.

116



ONE-QUADRANT SWITCHED-MODE POWER CONVERTERS

(a) (b)

Fig. 3: DC chopper: (a) current path in on state; (b) current path in off state
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Fig. 4: DC chopper: output voltage and load current
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Fig. 5: Buck (step-down) converter

2.2 Buck converter

The addition of a capacitor to the circuit of Fig. 2 leads to the first topology of basic, or direct, DC-DC
converters. These are step-down converters and are commonly known as buck converters. The basic
circuit diagram of a buck converter is shown in Fig. 5. It consists of a DC input voltage source Vg, a
controlled switch S, a diode D, a filter inductor L, a filter capacitor C, and a load resistance R.

DC-DC converters can operate in two distinct modes with respect to the inductor current .
Figure 6 depicts the continuous conduction mode (CCM), in which the inductor current is always greater
than zero. When the average value of the input current is low (high R) and/or the switching frequency
f is low, the converter may enter the discontinuous conduction mode (DCM). In the DCM, the inductor
current is zero during a portion of the switching period.

Typical waveforms of the converter in the CCM are shown in Fig. 6. It can be seen from the circuit
that when the switch S is commanded to the on state, the diode D is reverse biased. When the switch S
is off, the diode conducts so as to support an uninterrupted current in the inductor.

The relationships among the input voltage, the output voltage, and the switch duty ratio D can be
derived from, for instance, the waveform of the inductor voltage V, (Fig. 6). According to Faraday’s
law, the volt-second product for the inductor over a period of steady-state operation should be zero. For
the buck converter,

(Vs = Vo)DT = Vo(1 — D)T. 3)

From Eq. (3), the steady-state DC voltage transfer function, defined as the ratio of the output voltage to

the input voltage, is

Vo
My = -2 = D. 4
% Vs “4)

It can be seen from Eq. (4) that the output voltage is always smaller than the input voltage.

The CCM is preferred over the DCM because it provides higher efficiency and makes better use
of semiconductor switches and passive components. The DCM may be used in applications with spe-
cial control requirements, since the dynamic order of the converter is reduced (the energy stored in the
inductor is zero at the beginning and end of each switching period). It is uncommon to mix these two
operating modes, because different control algorithms are needed. For the buck converter, the critical
value of the inductance which is needed for CCM operation is

(1-D)R

Ly = )

The current ¢, in the filter inductor in the CCM consists of a DC component o with a superim-
posed triangular AC component. Almost all of this AC component flows through the filter capacitor as
a current 7. The current 7¢ causes a small voltage ripple in the DC output voltage V. To limit the
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Fig. 6: Waveforms for buck converter

peak-to-peak value of the ripple voltage below a certain value V;, the filter capacitance C' must be greater
than
(1-D)Vo

SV.Lf? (6)

Cwvin =

Equations (5) and (6) are the key design equations for the buck converter. The input and output

DC voltages (and, hence, the duty ratio D) and the range of the load resistance R are usually deter-

mined by preliminary specifications. The designer needs to determine the values L and C' of the passive

components, and the switching frequency f. The value L of the filter inductor is calculated from the
CCM/DCM condition using Eq. (5).

The value C of the filter capacitor is obtained from the voltage ripple condition (Eq. (6)). For
compactness and low conduction losses in the converter, it is desirable to use small passive components.
Equations (5) and (6) show that this can be accomplished by using a high switching frequency f. The
switching frequency is limited, however, by the type of semiconductor switches used and by switch-
ing losses. It should also be noted that values of L and C' may be altered by the effects of parasitic
components in the converter, especially the equivalent series resistance of the capacitor.
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Fig. 7: CCM and DCM: (a) boundary condition waveforms; (b) DCM waveforms

2.2.1 Discontinuous current mode

Whether the converter operates in the CCM or the DCM depends on the load on the converter. If the
value of the output resistance increases beyond the value used in Eq. (5), the converter starts to operate
in the DCM. Figure 7(a) shows the waveforms of the inductor voltage v, and inductor current ¢, at the
edge of the CCM. The value of the output current ¢, is also shown in the plot. This value is the average
of the inductor current over a period 7.

The output current ¢ for the condition at the boundary between the two modes is given by

, DT TVg 9
= — - = —=(D — D). 7
irs = 57 (Vs =Vo) = 57 ( ) )
The output current required in the CCM is maximum for
TVg
IRByax = SL (8)

Figure 8 shows a plot of the minimum output current for CCM operation as a function of the duty cycle
D.

The output—input voltage ratio under DCM conditions can be calculated using the waveforms in
Fig. 7(b). The volt-second product over a period should be zero for a steady-state condition. Therefore

(Vs = Vo )DT = Vo AT, ©)]

Vo D
- ) 10
Vo DA (10)
The output current is the average of the inductor current I, over the period 7":

Ir .. (D+ AT

Ir — peak . 11

R 5T (11

Using Egs. (8) and (11), Eq. (10) can be rewritten as

Ir = 41pB, < DA. (12)
From Eqgs. (10) and (13),
Yo _ D’ (13)
Vs 1 I '
i <D2 + ZIRBSAX)
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Fig. 8: Minimum output current for CCM versus duty cycle keeping Vg constant
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Fig. 9: Buck converter: output—input voltage ratio in DCM and CCM

Figure 9 shows the characteristics of the buck converter for both modes of operation. The voltage
ratio is plotted versus the output current for several duty cycles. The boundary between the DCM and
CCM is shown by the dashed curve.

2.3 Boost converter

The second topology to be analysed is the step-up, or boost, converter. It receives this name because the
output voltage is always higher than the input voltage. Figure 10 depicts a simple circuit diagram of a
boost converter. This comprises a DC input voltage source Vg, a boost inductor L, a controlled switch
S, a diode D, a filter capacitor C, and a load resistance R. The converter waveforms in the CCM are
presented in Fig. 11. When the switch S is in the ‘on’ state, the current in the boost inductor increases
linearly. The diode D is off at this time. When the switch S is turned off, the energy stored in the
inductor is released through the diode into the output RC circuit.

Using Faraday’s law for the boost inductor,

VsDT = (Vo — V&)(1 — D)T, (14)
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Fig. 11: Waveforms for boost converter

from which the DC voltage transfer function turns out to be

The boost converter operates in the CCM for L > Ly, where

(1- D)?DR

L =
b 2f

R. PETROCELLI

15)

(16)

The main waveforms of the boost converter are shown in Fig. 11. The current supplied to the RC
output filter is discontinuous. Thus, a larger output filter capacitor is required than in the buck converter
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Fig. 12: Buck—boost converter: circuit diagram

in order to limit the output voltage ripple. The output filter capacitor must provide the DC current to the
load when the diode D is off. The minimum value of the filter capacitance that results in a voltage ripple
V; is given by

_ DVp
~ ViRf’

Chin (17)

2.4 Buck-boost converter

The last of the basic converter topologies is the buck—boost converter. A circuit diagram is shown in
Fig. 12. This converter consists of a DC input voltage source Vg, a controlled switch .S, an inductor L,
a diode D, a filter capacitor C, and a load resistance R. While the switch S'is ‘on’, the inductor current
increases and the diode is maintained ‘off’. When the switch is turned off, the diode provides a path for
the inductor current. Note the polarity of the diode, which results in its current being drawn from the
output. For this reason, the output voltage polarity is negative.

The waveforms for the buck—boost converter are depicted in Fig. 13. The condition for a zero volt-
second product for the inductor in the steady state and the steady-state DC transfer function are given by
the following equations:

VeTD = —Vo(1 — D)T, (18)
Vo D
My=—=—-—. 19
VEY% T oD (19)
The critical value of the inductor that fixes the boundary between the CCM and DCM is given by
(1-D)?DR
L,=~—""7"" 20
b 57 (20)

The current that feeds the RC output filter is the same as that for the boost converter but in the
reverse direction. Hence the value of the capacitor is given by Eq. (17).

3 Control of DC-DC converters

One of the common features of the power converters presented in the previous section is that the output
voltage depends on the duty cycle D, which was defined as the ratio between ¢,, and the total period
of switching 7T'. Changes in the duty cycle produce variations in the output voltage of the converter. In
other words, the output voltage can be controlled by changing the duty cycle.

The analysis of a converter from the point of view of control can be performed using the switching
function. The switching function is a mathematical tool to represent the state of a power converter. For
the basic power converters described above, the switching function has two values. When the switch is
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Fig. 13: Waveforms for buck—boost converter

on, the value of the switching function is unity, and when the switch is off, the value is zero:

0 when the switch is off. @D

1 when the switch is on,
s(t) = {

A block diagram of the control of a power converter is shown in Fig. 14. The block labelled
“Modulator” transforms an input signal vp into the switching function s(¢), which controls the switch in
the power converter. The modulator block can be built in several different ways. It can be implemented
using a few analog components or using sophisticated digital circuits.

One of the most common applications of DC-DC converters is to provide a regulated output
regardless of variations in the load and the input voltage. Another source of variation in the output
voltage is changes in the components of the power converter; components can be affected by external
factors such as temperature or ageing. The most common schemes used to regulate the output of power
converters are presented in Fig. 15.

The feedback scheme (Fig. 15(a)) uses information from the output to provide the signal vp to the
modulator. The main advantage of this scheme is that a feedback controller receives information directly
from the output voltage, which is the value intended to be regulated, and therefore it can compensate for
all variations regardless of their source. A disadvantage is that feedback regulation can lead to instability
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Fig. 15: Block diagrams of regulation schemes: (a) feedback regulation; (b) feedforward regulation

in the converter. Another disadvantage of the feedback scheme is that the output has to be affected in
order to provide information to the feedback controller. In other words, the controller may not be fast
enough to see a fluctuation and compensate for it. For example, a variation in the input voltage Vg such
as 100 Hz ripple from the rectification stage could have an amplitude such that the feedback scheme
cannot completely reject it. In such cases a feedforward scheme, as shown in Fig. 15(b), can be used.
If it is known how the input voltage affects the output voltage (the DC transfer function), a feedforward
controller can provide a signal vp to the modulator that gives the correct value of the output voltage.

The various ways of obtaining the switching function to be applied to the power converter are
referred as control, or modulation, methods. A list and brief discussion of the most common methods
are given in the following sections.

3.1 Constant-frequency pulse width modulation (PWM)

This is the most popular method of controlling power converters. In this modulation method, the period
of the switching signal 7" is constant and the information is contained in the width of the pulse, i.e., the
period of time for which the switching signal is on, ¢,,. This method is also known as carrier-based pulse
width modulation. The switching function for constant-frequency PWM can be obtained by comparing
the signal vp with a carrier signal ¢(t) as depicted in Fig. 16.

Figure 16 shows an analog implementation of a PWM modulator. In digital implementations, the
carrier is replaced by a counter/timer block. In both types of implementation, a way to avoid multiple
transitions within a carrier period needs to be added.
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Fig. 16: PWM generation: (a) comparator; (b) waveforms
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Fig. 17: PWM generation: constant-off-time/variable-on-time PWM

3.2 Variable-frequency PWM

Variable-frequency PWM, although not as popular as constant-frequency PWM, is also used in prac-
tice. The common variations of variable-frequency PWM are the constant-off-time/variable-on-time and
constant-on-time/variable-off-time versions.

Figure 17 shows the waveform for constant-off-time/variable-on-time PWM using a sawtooth-like
carrier signal. The switch is turned on after a fixed time; at this point, the sawtooth signal starts to rise at
a constant rate. The switch is turned off again when the sawtooth signal intersects the signal vp. After
the turn-off of the switch, the carrier is reset to zero for a fixed period of time. The figure shows that the
on time increases and the switching frequency decreases when the signal vp is increased, resulting in
variable-frequency operation. Constant-on-time/variable-off-time PWM can be implemented in a similar
way.

Variable-frequency PWM is used in light-load operation of power converters in order to increase
the efficiency of the converter under these conditions. The main disadvantage of this is the difficulty
associated with the design of the input and output filters. The filter cut-off frequency has to be selected
based on the lowest possible switching frequency in order to provide the required attenuation of ripple
and electromagnetic interference (EMI) under all possible operation conditions. This usually leads to a
conservative design with significant volume and cost penalties.

126



ONE-QUADRANT SWITCHED-MODE POWER CONVERTERS

Vi D C A~ R 7§ _‘/iL(t)

S .
T (b)

Fig. 18: Current mode: (a) circuit diagram; (b) waveforms

3.3 Current mode control

Current mode control uses direct measurement of the inductor current to generate the switching function.
One way of generating the switching function is to replace the sawtooth carrier waveform used to gener-
ate the PWM by the inductor current, as shown in Fig. 18(b). The switching function is set to unity by
a clock signal of period 7. When the inductor current reaches the value of the signal vp, the switching
function is reset. Figure 18(a) shows a simple circuit for current mode PWM generation.

3.3.1 Slope compensation

The peak current mode method is inherently unstable at duty cycles higher than 0.5, resulting in sub-
harmonic oscillations. A compensating ramp (with slope equal to the inductor current down-slope) is
usually applied to the comparator input to eliminate this instability.

Note that in current mode control, the output voltage is not directly controlled. An addition loop
is needed in order to obtain a regulated output voltage.

3.4 Variable-structure control

Variable-structure control offers an alternative way to implement a switching function, which exploits the
inherently variable nature of the structure of DC-DC converters. In practice, the converter switches are
driven as a function of the instantaneous values of the voltages and currents. The most important feature
of variable-structure control is its ability to provide robust control. Although the study of variable-
structure control is far beyond on the scope of this article, hysteresis control provides a very simple and
intuitive example. Sliding-mode control is other variable-structure control method for power converters
reported in the literature.

3.4.1 Hysteresis control

Hysteresis control is based on comparing the output voltage Vr with a reference voltage vp using a
hysteresis comparator. If the voltage is lower than the upper limit of the comparator, the switch is turned
off until the output voltage reaches the lower limit of the hysteresis comparator. When the voltage reaches
this limit, the switch is turned on. Figure 19 shows a simple circuit diagram for hysteresis control, and
typical waveforms.
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Fig. 19: Hysteresis control: (a) circuit diagram; (b) waveforms
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Fig. 20: Half-bridge converter: circuit diagram

4 Derived converter topologies

Several different topologies have been derived from the basic DC-DC converters. In this section, three
different groups of converters will be presented. The first group of converter topologies are isolated
versions of the basic converters. The use of a transformer provides galvanic isolation between the input
and output voltages. An additional advantage of the use of a transformer is an increase in the output
voltage range of the converter due to the turns ratio of the transformer. The second group is formed
by the flyback converter. This converter has galvanic isolation provided by coupled inductors. The
difference between a transformer and coupled inductors is that in the latter case there is no direct energy
flow from the input to the output. This fact limits the use of these converters to low-power applications.
Finally, a converter with continuous input and output currents is presented.

4.1 Half-bridge converter

The circuit diagram of a half-bridge converter is shown in Fig. 20. The output filter part of the circuit
is the same as that in a buck converter. The square waveform of the transformer secondary is rectified
and then filtered by the output stage. The voltage at the primary of the transformer is shown in Fig. 21.
The voltage per second on the primary and secondary sides during the switching period has to be zero in
order to avoid saturation of the transformer.

In this converter, two capacitors act as an input voltage divider, which is connected to one of the
inputs of the transformer. A two-polarity voltage is obtained by connecting the other input to Vg or
a reference voltage using the switches S; and So. The switches operate shifted in phase by 772 with
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Fig. 21: Half-bridge converter: transformer primary voltage

the same duty ratio D. The duty ratio must be smaller than 0.5. When the switch \S; is on, the diode
D7 conducts and the diode D> is off. The diode states are reversed when the switch S is on. When
both controllable switches are off, both diodes are on and share the filter inductor current equally. This
short-circuits the transformer and forces the transformer input voltage to zero. The DC voltage transfer
function of the half-bridge converter is given by the following equation:

Vo

My = 2 —2p™2. (22)
S ni

4.2 Push—pull converter

Push—pull converters, like half-bridge converters, can be regarded as two single-switch buck converters
running out of phase. A circuit diagram is shown in Fig. 22. The volts per second are balanced by
alternating the operation of the switches S; and S3. Similarly to the half-bridge converter, the output
filter stage is the same as that in the buck converter. The main advantage of this topology is that both
switches are connected to the reference voltage, which avoids the use of a floating driver for the switches.
The main disadvantage is that differences in the period %, of the switches could lead to saturation of the
transformer.

The DC voltage transfer function of the push—pull converter is

My =0 _op™2 (23)
Vs ny

4.3 Full-bridge converter

The circuit diagram of a full-bridge converter is shown in Fig. 23. In this topology, the controllable
switches are operated in pairs. When S> and S5 are on, a positive voltage Vg is applied to the primary
side of the transformer. In this condition, the diode D¢ conducts the inductor current. With S; and Sy
on, the voltage applied to the transformer is — Vg and the the diode Dy is on. If all the switches are off,
both diodes conduct the output current and the secondary of the transformer is short-circuited.

The steady-state DC voltage transfer function is given by

My = Y0 _op"2. (24)
S ni
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Fig. 22: Push—pull converter: circuit diagram
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Fig. 23: Full-bridge converter: circuit diagram

4.4 Forward converter

The forward converter is another topology that uses a transformer in order to provide galvanic isolation.
The voltage output can be lower or higher than the input voltage depending on the transformer ratio.
A circuit diagram is shown in Fig. 24. As in the previous isolated topologies, the output filter stage is
identical to that in the buck converter. When the switch S is closed, the diode D conducts and transfers
energy from the input to the output stage. During the period when the switch S is open, the diode D,
carries the current in the inductor L and the diode D3 connects the third transformer winding to the input
voltage to decrease the magnetizing current to zero.

The steady-state DC voltage transfer function is given by

My =0 _op™2 (25)
Vs ny

The condition to avoid saturation of the transformer is

mD < ng(1 — D). (26)
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Fig. 25: Flyback converter: circuit diagram

4.5 Flyback converter

The flyback converter is derived from the buck—boost topology. The inductor is split into two coupled
inductors. As a result of this, galvanic isolation is achieved and the DC voltage transfer function is
multiplied by the turns ratio of the inductors. The basic circuit diagram is shown in Fig. 25.

The magnetic components of the flyback converter act more like two inductors sharing a common
magnetic core than as a transformer. Energy is stored in the common magnetic core during the time
ton Of the switch S and is then transferred to the output stage during the time #.g. There is no direct
energy transfer between the primary and secondary windings, unlike the converters mentioned above.
This limits the application of this converter to low-power applications.

4.6 Cuk converter

The Cuk (pronounced ‘chook’) converter was introduced by Slobodan Cuk of the California Institute
of Technology. The circuit diagram of this converter is shown in Fig. 26. The main advantage of this
converter is the continuous currents at the input and output of the converter. The main disadvantage is
the high current stress on the switch.

The DC voltage transfer function of the converter is obtained using the average current in the
capacitor C', which should be zero during a switching period when there is power balance between the
input and output of the converter:

Ir,DT = I, (1 — D)T, (27)
bPn = VeI, = =Volr, = Pour. (28)
Using these two equations,
Vo D
My=—=——. 29
V=%  (1-D) 29)
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Fig. 26: Cuk converter: circuit diagram

Isolated versions of the Cuk converter can be found in the literature. There are also versions of
this converter in which the two inductors L; and L are integrated into one magnetic element in order to
reduce the cost and volume of the converter.

The list of converters presented in this section is not intended to be exhaustive. The converter
topologies presented are just a small sample of the many topologies that have been reported in the lit-
erature. The right topology for each application depends on many factors, which include the stress on
the semiconductors and passive components, the level of power to be transferred, and the switching
frequency, among others.

5 Additional topics

This section presents some additional topics related to one-quadrant power converters that are worth
mentioning. Firstly, synchronous rectification is addressed as a method to reduce losses, especially in
low-voltage power converters. Interleaved converters are discussed as a way to increase the power han-
dled by converters while reducing the stress on the input and output filters. Finally, a brief introduction
to hard switching, snubbers, and soft switching is given.

5.1 Synchronous rectification

One component of most one-quadrant converter topologies is a diode. This diode is used to provide a path
for the current when the main switch is turned off, or for rectification and providing a DC output. The
conduction losses of the diode make an important contribution to the overall power loss of a converter,
especially for low-output-voltage, high-output-current power converters.

The conduction loss of a diode in a buck converter is given by the following equation:
Pp =Vplp(1— D). (30)
The overall efficiency due to the diode conduction loss can be expressed as

Volo Vo

_ _ . 31
" T Volo + Velo(1-D) Vo +Ve(1— D) D

For low-voltage power converters, this equation shows that the overall efficiency of the converter
can drop to unacceptable levels. One way to increase the overall efficiency under these conditions is
to replace the diode by a MOSFET, as shown in Fig. 27. The MOSFET introduces an almost linear
resistance with a lower voltage drop. Figure 28 shows the power loss in .S for a diode and for a MOSFET.

In addition to minimizing conduction losses, MOSFETs offer the additional benefit that they can
easily be paralleled because their Rpg_, has a positive temperature coefficient.
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Fig. 27: Synchronous rectification: circuit diagram

40

30 <

20

)
10
A
wt

0 AN

0 20 40 60 80 100
I,[A]

Fig. 28: Power loss in S5: diode (solid line) and MOSFET (dashed line)

5.2 Interleaved converters

The concept of paralleling several DC-DC power converters in order to increase the output power is
well known in power electronics. A further step is to group the components together and control the
resulting converter as a unit. Interleaving is one of the techniques most often used, and provides several
advantages such as an increase in the resulting switching frequency and a reduction in the component
size. Figure 29 shows the circuit diagram of an interleaved buck converter. The switching functions for
the switches S1, S, ..., Sy have the same switching frequency but there is a phase shift between them
equal to 27 /N, where N is the number of individual stages that form the converter.

The first plot in Fig. 30 shows the output currents of the individual stages and the overall output
current formed by addition of the inductor currents for each phase. The ripple frequency of the overall
output current is N times the frequency of the inductor phase currents. This multiplication of the ripple
frequency reduces the requirements on the output filter. Figure 31 shows the normalized output ripple
current. This shows how the ripple is reduced; for particular values of D, the ripple current is zero.

A similar effect is produced in the input current. The requirements on the input capacitor are also
reduced by the interleaving of the converters. Figure 30(b) shows the input current for each branch and
the total input current. An increase in the frequency and a reduction in the RMS value can be observed.
Figure 32 shows the normalized input capacitor RMS current for different values of N.

5.3 Hard switching, snubbers, and soft switching

One of the big advantages of operating a power converter in switched mode is that voltages across and
currents through the switches are not present simultaneously during the ‘on’ and ‘off” states. This cannot
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Fig. 29: Interleaved buck converter
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Fig. 30: Output and input currents for a three-stage interleaved buck converter
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Fig. 31: Normalized output ripple current
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Fig. 32: Normalized input capacitor RMS current
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Fig. 33: Hard switching: (a) single switch without snubber; (b) switch voltage and current during transition; (c)
transition diagram.

be true, however, during the transitions between the states of the converter. The trajectories during
the transitions determine whether the switches operate in a hard or soft switching mode. The switching
trajectory of a hard-switched power device is shown in Fig. 33. During the turn-on and turn-off processes,
the power device has to withstand high voltages and currents simultaneously, resulting in high switching
losses and stress.

The switching losses are proportional to the operating frequency of the converter and are usually
the main factor that limits the operating frequency. Another disadvantage of hard-switching operation is
an increase in high-frequency emissions, which produce EMI.

Dissipative passive snubbers are usually added to power circuits in order to reduce the dv/d¢ and
di/dt of the power devices, and the switching losses and stresses can be diverted to these passive snubber
circuits. Figure 34 shows how the transition trajectory is modified by the presence of an RC snubber.
The dv/dt of the switch is reduced during the turn-off and part of the transition energy is transferred to
the dissipative element of the snubber.

The snubber design has to be done carefully in order to correctly dimension the components and
ensure proper operation. More complex snubber circuits have the ability to recover the transition energy
and increase the overall efficiency of the converter.

A further step can be taken to reduce the commutation losses by operating the switches in a soft
switching mode. The basic idea of soft switching can be explained using the plots in Fig. 35. The voltage
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Fig. 34: Snubbers: (a) circuit diagram of RC snubber; (b) switch voltage and current during transition; (c) transition
diagram.
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Fig. 35: Soft switching: (a) switch voltage and current during transition; (b) transition diagram

across the switch is forced to be zero while the current is dropping. When the current is zero, the switch
voltage starts to rise until the switch reaches the turn-off state. The losses during the transition are zero.

A simple circuit operating in a soft switching mode is shown in Fig. 36. The switch M; opens with
zero voltage across its terminals because this voltage is maintained by the capacitor C';. The voltage v
drops because the inductor current charges and discharges the capacitors C'; and Cy. Once the voltage
reaches zero, the diode Dy starts to carry current and keeps the voltage close to zero. During the period
of time that the diode is conducting, the switch My is turned on. The positive transition of voltage v4 is
produced in a similar way.

6 DC-DC resonant converters

The trend in power electronics is towards an increase in efficiency, power, and component density. For
this reason, resonant converters have received special interest in recent years. These converters have the
potential to operate at higher frequencies and with lower switching losses than hard-switching converters.
The design of resonant converters and their control presents challenges different from those for other
converters. In particular, the control of these converters is usually done by frequency modulation instead
of pulse width modulation. Although a comprehensive analysis of DC resonant converters is far beyond
the scope of this article, a brief description of their functional principles is given here.
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Fig. 36: Soft switching: (a) circuit diagram; (b) waveforms
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Fig. 37: (a) Series resonant converter; (b) parallel resonant converter

All of the resonant-converter topologies operate in essentially the same way. The power switches
generate a square wave voltage or current, which is applied to a resonant circuit. Energy circulates in the
resonant circuit, and part of this energy is transferred to the output.

The two basic types of resonant converter are the series resonant converter, shown in Fig. 37(a),
and the parallel resonant converter, shown in Fig. 37(b). In both topologies, the energy transferred to
the output is regulated by changing the frequency of the driving voltage. The resonant circuit forms a
voltage divider with the resistor R. By changing the frequency, the impedance of the resonant circuit and
therefore the output voltage can be varied.

The circuits shown in Fig. 37 have limitations. The series resonant converter cannot work under
very light load conditions, because the operating frequency would have to be very high in order to
regulate the output voltage. The parallel resonant converter requires large amounts of circulating current
when operating under heavy load conditions.

6.1 LCC and LLC resonant converters

To overcome the limitations of the resonant converters shown in Fig. 37, converters combining series and
parallel topologies have been proposed. Figure 38(a) shows a topology which includes two capacitors
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Fig. 38: (a) LCC resonant converter; (b) LLC resonant converter
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Fig. 39: LLC resonant converter: circuit diagram

and one inductor. This topology is named the LCC resonant converter.

The topology formed by two inductors and one capacitor (the LL.C resonant converter) is shown in
Fig. 38(b). This topology has several advantages over the LCC topology. For instance, the two inductors
can be integrated into one physical magnetic component, and it also provides galvanic isolation.

A simplified circuit diagram of an LLC resonant converter is shown in Fig. 39. The two inductors
are the magnetizing and leakage inductances of a transformer. The LLC topology has the additional
advantage of being able to operate in a soft switching mode. This allows the switching frequency and
power density of the converter to be increased.

The typical waveforms for an LLC resonant converter are shown in Fig. 40. Soft commutation is
achieved in a similar way to that described in Fig. 36.

7 Conclusions

One-quadrant power converters play an important role in industrial and consumer electronics applica-
tions. Almost every electronic circuit is supplied with a DC voltage provided by some kind of power
converter. If a regulated voltage is needed, this converter usually consists of a rectifier stage followed
by a regulated DC-DC power converter. The field of power converters for particle accelerators is no
exception to this trend. As was mentioned in the introduction, one-quadrant power converters are used to
generate the high-precision, stable currents needed for storage ring accelerator magnets. The topologies
used in this application depend on the power level required.

This article was intended to be an introduction to this broad subject. All the topics discussed here
are covered in depth in books on power converters and in journal and conference papers. The references
provided at the end of this article should be a good starting point for further studies.
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Fig. 40: Waveforms for LLC resonant converter
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Abstract

This paper was originally presented at CAS-2004, and was slightly modified
for CAS-2014. It presents a review of the key parameters that impact the
design choices for a true four-quadrant power converter, in the range 1—
10 kW, mainly based on switching mode converter topology. This paper will
first describe the state-of-the-art for this power converter family, giving the
drawbacks and advantages of different possible solutions. It will also present
practical results obtained from the CERN-designed converter. It will finally
give some important tips regarding critical phases like test one, when
conducting a project dealing with this type of power converter.

Keywords
Four-quadrant; converter; topology; switch-mode; magnet, energy.

1 Introduction

The design of a four-quadrant power converter design is strongly dependent on its use, and several
criteria are reviewed in the first part of this document. A review is then made of some commonly used
topologies. The second part of this document gives the key points of the design for a specific four-
quadrant power converter designed for powering superconductive magnets in the LHC machine.

In this paper the load will always be assumed to be a magnet, with resistance and inductance,
which is a realistic four-quadrant power load. Since the system studied is highly non-linear and some
topologies are quite complex to simulate (with up to three control loops working at the same time), the
author gives a lot of illustrated key points instead of formulas. This approach is easier to follow as
known problems are solved during the design phase. This paper mainly focuses on low or medium
output voltages in the range —200 V to 200 V. For a high voltage converter, a different approach would
normally be required, since the available components (semiconductor or passive) will have a big impact
on the final design choice.

2 Definitions and description of different quadrant operation

The definition and the numeration of operating quadrants are shown in Fig. 1. The naming of each
generator and receptor quadrant has been done according to the energy being managed by the converter
placed between the energy source (mains) and the load. Energy can be taken from the mains and
delivered to the load, the converter voltage and current being of the same sense, with the converter being
seen to generate energy from the load’s point of view. In the case where the voltage and current are
opposite, energy comes back from the load, being ‘received’ by the converter managing it, in receptor
mode.
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Fig. 1: Typical one-quadrant converter naming conventions

Some simplified graphs are presented to summarize the different type of power converter, applied
to a typical four-quadrant power load, with a resistance in series with an inductance (R-L). Through this
load example, the limitations of different topologies can be illustrated.

Figure 2 shows a possible curve for a one-quadrant converter, where the current can be controlled
while it is increasing. The control of a decreasing current is still possible, but drastic conditions and
limitations must be taken into consideration at the level of the power system definition; and also at the
level of the current controller. If a negative ramp applied to the current is faster than the load’s natural
constant time, control will be lost. Also, a commercial one-quadrant converter can sometimes exhibit
high output capacitance (for example in the case of a laboratory power supply), with a non-symmetrical
rate of voltage change across the capacitor related to the load’s operating conditions, i.e. mainly its level
of current.

ICOFW dl/dt = Vl_/ L _I\t;onv II::'\Q/:; A Vconv
VL.max= [Vconv.max; Iconv.min] B T T T T nl 3 2
J \,VL.min = [Vconv.min; Iconv.max]/ N\ )\

Fig. 2: One-quadrant converter typical curves

Figure 3 shows a possible curve for a two-quadrant converter, where the current can be controlled
as long as it stays positive-only (or negative only). While the current decreases, and depending on its
required ramp rate, the converter can be required to absorb energy from the load. In such a case, load
energy will be ‘removed’ from it, being dissipated in cable resistance, but also ‘managed’ by the
converter if its extraction is required to be faster than the rate allowed by the resistance. The converter
can or dissipate, store, or send back the received energy to the original energy source (the mains). It
should be understood that the converter must control the level of energy flowing from the energy source,
through the converter, to the load inductance, or back from the inductance, in a fully controlled way.

|(d1/dt = v,/ L[ p — leony [A]
L VL = Vconv - R'Iconv : . \ — Veony [V] 4

VL.max= [Vconv.max; Iconv.min] \I
\VLmin= [Vconv.min; Iconv.max]/, L AN

N ~

Lonv R Veonv
-

Iconv

Fig. 3: Two-quadrant converter typical curves

142



SWITCHED MODE FOUR-QUADRANT CONVERTERS

There should be no confusion with some converters being operating in two diagonal quadrants,
for example quadrants one and three, by the addition of a polarity switch (mechanical or electronic
inverter); the converter, often a one-quadrant converter, will be able to deliver positive and negative
current to the load, but will not be able to recover any energy from the load. Despite the load current
being positive or negative, this kind of converter will suffer from exactly the same limitations as a one-
quadrant converter, regarding the possible current ramp and controllability.

Figure 4 shows a possible curve for a four-quadrant converter, where the current can be controlled
without any limitations, regarding to its sense, or evolution (positive or negative ramp). Like a two-
quadrant-power converter, the converter can be required to absorb energy from the load. If some
topologies are intrinsically providing full and true four-quadrant operation capability like an H-bridge,
the management of energy and the directionality of the output current can often lead to relatively
complex designs.

Iconv dl/dt V / L | conv [A] conv
L VL = Vconv R ICOHV I/I Conv [V - conv

VLmax
Y

[Vconv max ; COI’\\ mln

NVeonrin conmasd ) |

conv.min ; CONV.Max:

L.min

Fig. 4: Four-quadrant converter typical curves

2.1 Receptor mode solutions, a brief review

In the receiving quadrants (quadrants two and four), the converter has to extract energy from the load,
either dissipating it, storing it, or sending it back to the mains. It should be remembered that a true four-
quadrant power converter should regulate its output conditions while ‘absorbing’ energy, not being
limited in its controllability and performance due to the quadrants in which it operates.

2.1.1 Locally storing the load energy

This function is often performed using capacitors, which are in charge of collecting load energy; these
capacitors can be a naturally part of the topology chosen (full-bridge DC-DC topology), and
dimensioned to take into account this secondary function (storage capacity). This storage capability can
be dedicated either on the primary or secondary sides; this choice is made depending on the voltage used
at the output, and also taking into consideration the complexity of the final design.

Even if some designs already include the local storage of energy, supercapacitors or
superconducting inductors can present an attractive alternative in the case of demanding energy
management, pushing this topology ahead. Of course, a variety of possible ‘mechanical’ storage
solutions also exists, like kinetic energy storage, which relies on a rotating machine being coupled to
the existing topology; these solutions, which are out of the scope of four-quadrant switching converters,
are not treated in this paper.

2.1.2 Sending the load energy back to the mains

This field is dominated by thyristor-based topologies (two thyristor converters operating back-to-back),
and is still extensively used when high power is required. Simplicity of design and robustness of this
well-known topology are other big advantages. The price to be paid is certainly the limited bandwidth
to be expected from network based on natural low frequency Also, some high frequency switching
power converter designs have been presented as a valid alternative, with a working prototype validated
at CERN, with relatively complex control requirements [2].
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2.13 Dissipating the load energy

This is surely the least appealing solution, especially when semiconductors are used to dissipate energy
as pure heat losses. Nevertheless, this alternative solution can be integrated into modern topologies, and
still presents good performance in the fields of electromagnetic compatibility (EMC) and very high
bandwidth performance. This approach can be justified when performance is judged to be the most
important consideration, with the frequency of charge/discharge that the load will require determining
viability at a power management level.

2.2 Influence of load cycle on converter topology

Different types of accelerators use different types of magnet for different purposes. It could be
drastically summarized in two main different domains: pulsed or slow, as represented in Fig. 5. When a
pulsed machine is designed the energy-saving aspects should be taken into account. With high frequency
charge and discharge sequences, a true four-quadrant converter, giving back energy to the mains, or
locally storing it for the next run, should be envisaged. In the other hand, a slow and ultra-high precision
machine (like the LHC) will focus on different criteria like stable controllability versus operating point
and the low-level conducted noise environment (EMC), which are both crucial criteria for high precision
operation.

“Pulsed” Machine “Slow” Machine: LHC Type / Magnet or orbit Correctors
2 Cycle Period [ v

12h or more run

_\' - _/;'L‘E?»

Power to be

High Power .
— to be absorbed / Often / ‘isfrbegn/ sometimes Operation close
= High Energy ow tnergy to [0 V; 0 A]

(a) (b)

Fig. 5: Machine type operation typical cycles. (a) Pulsed machine; (b) ‘slow’ machine

2.3 Load influence on design parameters

The LHC requires a very high magnetic field to control the beam; this field, being directly proportional
to the current, can require up to 600 A load current in some four-quadrant converter families. The
number of correctors, combined with these levels of current, made the superconductor magnet a valid
choice for energy-saving considerations. These magnets are by definition lossless loads, since magnet
is a pure inductance, up to some Henrys. To avoid adding extra losses in the tunnel, where converters
are installed close to their loads, large cross-section copper cables were connected to these magnets,
connecting the power converter to its load. All of these boundary conditions lead to a very high time
constant circuit (large inductance value combined with very low resistance value), keeping in mind that:
— LMAGNET

Tareurr =

R , (1)

where Lmacner 1s the magnet inductance value [H] and Reagte is the cable resistance value [Q].

The value of this time constant, inherent from the circuit type and physical characteristics,
combined with the LHC’s required characteristics giving the range of the current, determines the type
of power converters to be used with specific operating areas,

d(/)
2
P(I):U(I)'I:RCABLE'I + Lyaoner ° 1.

& 2
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It can be stated that a trade-off could be found, given an operating range (/max and d//df) for a
dedicated magnet (Lmacner fixed) between generating peak power and regenerating absorbed peak
power, modulating the cable resistance. Of course, if increasing cable resistance mechanically increases
the losses, it will nevertheless decrease power absorbed by the power converter. Increasing regenerating
power for a four-quadrant converter can be a lot more difficult than simply slightly increasing its
generating power, saving a lot on the regenerating power level.

Figure 6 shows the typical case of a given superconducting magnet used with two different
resistances given by the cable, 10 mQ and, doubling the cable resistance, 20 m€Q.

30 13.2 kW 30 9.60 kW
vl 22 Vwmax V] 16 Vwmax
20 4

I[A] / I[A]

800|/-800 -6 -200 D 200 0 800
— VN -2.5 kW 207 — V]
30 - — P [kW] 30 . —P [kW]
(a) (b)

Fig. 6: Influence of circuit parameters on converter operation. (a) 20 mQ; (b) 10 mQ

In the 20 mQ case described above (Fig. 6(a)), the power to be generated is 1.4 times higher when
the level of power to be absorbed is up to two times lower, and at a lower operating current. Of course,
cable losses are two times higher during all magnet operations. Nevertheless, this consideration could
be really interesting in the case of a corrector magnet, which is not often used at full current (less heat
losses), lowering the power converter design constraints.

3 Main topologies for the four-quadrant stage

A four-quadrant stage is the dedicated part of a power converter used to manage load voltage and current
in the four-quadrant area. This function can be part of the converter topology (thyristor-based or H-
bridge DC-DC topologies) or as a kind of extension to a standard one-quadrant power converter. This
section deals with classical solutions, which are mainly used in the four-quadrant power converter
domain.

3.1 Two thyristor bridges mounted in anti-parallel

This standard solution makes it possible to send back energy to the mains. It is based on two thyristor
bridges, mounted in anti-parallel using the natural two-quadrant capability of each bridge. In this case,
the four-quadrant stage is represented by the whole thyristor converter for half of the quadrant plane.
This solution is very well known and can handle high power constraints. If noted here as a reminder,
this topology will not be described in detail since it is not usually part of the switched mode converter
family.

3.2 Linear dissipative stage

3.2.1 Description

A linear dissipative stage relies on a push—pull stage, with transistors used as ‘programmable resistors’
dissipating energy in their receiving modes. This stage is usually an additional stage for a standard
generator power converter that is used to provide power at the input of the linear stage.

145



Y. THUREL

An alternative solution exists with polarity switches added to transform a single output to the
required double outputs. This solution, see Fig. 7, is much easier considering the power converter to be
designed, since it has a single output, but it leads to potential distortions that are seen when the polarity
switches act. It also requires the control of additional transistors, while the standard double output
voltage source can use simple additional rectifiers (an L-C filter can be shared between the two outputs,
reducing the number of additional components and cost).

Single :

output inverter

Polarity Switches
Fig. 7: Linear stage schematic

322 Operation principle

A dual output power source is used to power the linear stage, with the usual limitation of the two dual
outputs being tied together. (Standard solutions are usually based on a dual output power converter using
one inverter stage powering a dual output transformer.) Two different situations are possible, with a
fixed value or variable dual output configuration.

323 DC fixed dual output configuration

Figure 8 shows voltage and current waveforms for a typical magnet application, highlighting the
limitations and dissipation problems to be dealt with. In the particular example below, a [£10 V; £120 A]
converter is shown. Since losses in transistors are assumed to be 2 V at the highest level of current, a
minimum dual voltage of 12 V is required to feed the output linear stage.

0A..100A

Efficiency!!! 20Vx100A in Q1!!!
10v
1004 1004
I \
04 i 2v
: . :
! ! -8V
1 1
€= s == o= — = = E el >
GENERATOR ' RECEPTOR

Fig. 8: Four-quadrant linear stage (fixed DC dual voltage)
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A dual output 50 Hz transformer, with adequate rectifying and filtering series stage, can simply
provide the two desired fixed DC sources, represented on the schematic by capacitor; modern design
would potentially propose a switched-mode power supply for size reduction, for example. Both voltage
sources have to provide a voltage capable of compensating the losses given by the voltage drop across
the active switch at maximum current.

If this solution is very simple, an efficiency issue exists with loss management at the transistor
level, especially in low voltage/high current conditions where the transistor has to dissipate a large
proportion of the energy given by the power source. This is particularly true in superconducting magnet
powering, since a high voltage is necessary to ramp the current to its maximum losses, when a steady
state requires a very low voltage induced by the DC cable losses. A second source of losses is the
regenerating phase, when an active transistor has to handle double the level of power that is normally
required by the load.

An example of an old-fashioned system made of several transistors in parallel is shown in Fig. 9.
If the system can be very fast (no topological power-side limitation except the transistor’s inherent
speed), dissipation is a hot issue, as well as the potential for a cascading failure, which can result from
an initial failure leading to the destruction of several transistors at the same time.

#

Fig. 9: Water-cooling linear stage of a CERN four-quadrant converter

324 Variable DC dual output configuration
The solution proposed in Fig. 10 is a lot better concerning the level of efficiency; generating power
provided from the mains follows the requested load, in addition to the active transistor conduction losses.
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10\/TI IO.TISV

-8V
—

0A..100A

-100A

2V

0A..100A

10v
0A
OA : \r
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== - J: - -»iq— iq— ----- -
GENERATOR ' RECEPTOR 0 GENERATOR

Fig. 10: Four-quadrant linear stage (variable DC dual voltage)
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On the two schematics proposed, the 0 A zone is always considered to be a critical zone, since
the linear stage always ‘relies’ on the current going through the relevant transistor following the voltage
reference. This state is particularly critical when the 0 A point has to be crossed, while voltage has to be
present on an inductive load. This is clearly impossible as shown in Fig. 10, and needs some artificial
circuitry.

The voltage level across the transistor while the converter is operating in generator mode (2 V
above) needs deep analysis. Indeed, it will be demonstrated below that it is possible to benefit from
using an unsaturated linear stage, for giving extra rejection of mains perturbation. This option has
obviously an efficiency cost since conducting active transistor losses will be higher.

3.3 Switching stage

3.3.1 Description

A conventional H-bridge stage (with an L-C filter in series to filter the switching ripple at the output
level) can deal with energy sent to or received from the load. Energy has to be managed at the input of
the H-bridge level, stored in the capacitor, or discharged by an additional brake chopper (switching
transistors in series with a resistor, in charge of limiting the overvoltage condition across the input
capacitor).

332 Operation principle

The H-bridge, see Fig. 11, is a natural four-quadrant power stage, which makes a good candidate for a
four-quadrant power converter, combined with a single voltage power source, providing voltage
adaption and insulation from the mains. This power source can be either a 50 Hz transformer or a modern
switched-mode-based solution. This topology is very simple to control, since the duty cycle alone
directly controls the output voltage, without any transition mode problem.
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Fig. 11: Four-quadrant switching stage
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This topology is often used, since it is highly flexible in terms of power, but it is also flexible in
terms of voltage and current operating range. Concerns come from the losses due to the hard switching
stage dealing directly with output current, and EMC at the output level resulting from the proximity
with the switching cells. It must be taken into account that, once the load is grounded, the H-bridge
capacitor, with the source it relies on, will be naturally excited at the switching frequency rate, with
severe common mode noise issues to be solved at the output level.

In some advanced cases, converters can use a two-operation mode control, transforming the H-
bridge into a classical buck converter, to reduce losses and current ripple (a leg is inactive when a switch
is closed).

4 Review of different topologies

Figure 12 gives an overview of the possible combination of stages required to build a four-quadrant
power converter. All ‘rectifier bridge’ paths indicate a topology where energy cannot be returned to the
mains.

Mains
]
I I |
Rectifier 4Q. AC-DC
Bridge Converter
| |
Filter Filter
DC-AC 4Q. DC-AC
Converter Converter
L J
]
LF Transfo. HF Transfa
(Volt. Adapt.) (Volt. Adapt.)
] I
| 11
4Q. Thyristor Rectifier
Bridge Bridge
- 11
Filter Filter
I |
4Q. Linear Storage Energy 4Q. AC-DC
Stage or B. Chopper Converter
I |
4Q. DC-DC Filter
H Bridge
|
Filter
|
Load

The second part of this paper describes the design and realization of a power converter using a

Fig. 12: Overview of possible combinations

linear stage (indicated in bold in Fig. 12).
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5 LHC120A-10V power converter design

This part describes the practical realization of a [£120 A; 10 V] four-quadrant power converter,
designed at CERN in 2003-2004 for LHC use.

5.1 Description

The converter was designed for being integrated into a high performance environment: its main use is
to provide parts-per-million precision current to a superconducting magnet. A low level of EMC
perturbations created by the power converter, on the input and output sides, and a high level of
conformance toward the reference voltage to be followed (no distortion, high bandwidth) are strong
requirements for the high precision electronics located in the power rack. Its integration in the existing
tunnel is a natural constraint, which means that only switching base topologies are adequate: high
efficiency minimizes the losses that must be evacuated from underground installations; and a small size
and low weight are required for installation and repair interventions around the 27 km of the LHC tunnel.
A long lifetime is also required from a system that will operate for more than 1015 years.

5.2 Schematic overview

The converter is based on a high switching frequency phase-shifted standard topology, in series with a
four-quadrant linear stage, and can be represented as shown in Fig. 13.

Input Module, Bd: 70Hz Phase shifted Imerter ) 4 Quadrant
Rectifer + Filter Linear Stage
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FILTER | i g :

R e e BT o M |
| 13113 i I «Iq} = = }~ L 4 I |
| I T T || (! |
I iy | I ] e v e i

Breaker & Input Filter & High Frequency Soft High Freq. Transformer | [ 4Q.L.S.
Contactor Soft Start Commutation Inverter & Rectifier & Output
Filter

Fig. 13: LHC120A-10V schematic overview

Figure 13 shows that the power converter is in five parts.

— Protection and power control stage: a breaker is used for protection and safety reasons when
an AC contactor is used to power the power converter or isolate it from the mains.

— AC-DC stage: a conventional rectifier bridge and input filter (70 Hz) with soft start capability
provides DC voltage to the next stage.

— High frequency DC-AC inverter: a 70k Hz phase-shifted zero voltage switching (ZVS)
inverter with insulated-gate bipolar transistors (IGBT) switches DC voltage into a high
frequency voltage given to the power transformer in charge of adapting and isolating the
output side.
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— Isolation and rectifier stage: a high frequency power dual output transformer and low voltage
Schottky power diodes output high frequency dual DC voltage to the four-quadrant linear
stage.

— Four-quadrant linear stage: based on power MOSFET transistors (mounted in parallel on each
side to boost the receiving energy capability), capable of absorbing and dissipating the entire
load energy. This stage’s performance is not dependent on a quadrant being in operation, and
it has additional functions: minimum load of previous stage, active filter, and high rejection
of the mains natural and expected 300 Hz ripple present at the AC-DC stage.

5.3 Four-quadrant linear stage

The main element of this power converter is the four-quadrant linear stage. In particular, the choice of
power MOSFET for this stage leads to a specific design, to handle the inherent limitations of this kind
of component (threshold, non-linear component).

53.1 Principles

Figure 14 shows a different working example, as a first approach to the system regulation laws.

VOUT
I . lJ_ A
- VGS HIGH H
Ve |——— T H
VOUT
ool Wo@] o ” lor
L. R_ I'
Ve | -
Vas Low T H
o« o
ILow
(a) (b)

Fig. 14: Four-quadrant linear stage schematic (a) electrical schematics; (b) operational areas

The control principles can be simplified to two equations (Egs. (3) and (4)), each of which are valid for
two quadrants:

Vour =+ (VE = Ry T ) Quadrants 1 and 2 3)

VOUT = _(VE - RLOW 1 LOW ) Quadrants 3 and 4 4)

where Ruicn and Riow are the equivalent power MOSFET resistances.
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53.2 Power MOSFET characteristics

5.3.2.1 Power MOSFET, a natural current source

A power MOSFET is a natural current source, since the gate voltage determines the current flowing into
it, independently from the voltage seen by it. This can be easily extracted from the manufacturer’s data
in Fig. 15, where a specific gate voltage leads to a constant current versus drain-to-source voltage Vps.
(Reference: FB180SA10, International Rectifier in this example below).
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c
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Vps, Drain-to-Source Voltage (V)
Fig. 15: Typical power MOSFET characteristics

The nature of the load involved, the superconducting magnet (current source per excellence),
requires an output decoupling filter to be able to connect both the current source and the current load.
Moreover, values of the load time constant involved in this practical realization were in a range that was
so large that this option was not retained. A complete linear stage was nevertheless produced and
successfully tested, using the intrinsic current source of a power MOSFET, being used in the flat part
of its curve.

5.3.2.2 Power MOSFET transistor, a ‘controlled resistance’

A power MOSFET transistor used as a ‘controlled resistance’ is a highly non-linear system. The
following curves summarize the main phenomena that should be taken in account: influence of
temperature, Vps voltage, Miller capacitance, etc. Of course, the internal structure of a power MOSFET
should be taken in account, especially with modern power MOSFETSs, which are more able to switch
than work in a linear mode.

5.3.2.2.1 Main parameters to be taken in account

Some key parameters are highlighted, always focusing on the gain G:

R
G _ _ DSON . (5)
VGS

5.3.2.2.2  Gain variation over working range

A classical Rpson versus Vgs curve shows that several orders of magnitude of static gain should be
considered, where a linear model around an operating point is used. If a linear control system is chosen,
the working range of the power MOSFET should be selected to minimize gain variations. Figure 16
shows a typical curve for a standard power MOSFET.
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Fig. 16: MOSFET Rpson overview

5.3.2.2.3 Threshold variations over a batch

The conduction threshold is a key parameter, since a transistor linear stage cannot expect a step voltage
control signal that is driven by the linear control main loop to suddenly switch a power MOSFET into
conductive mode without providing the correct Vs threshold voltage. The knowledge of this threshold
variation is mandatory when trying to cope with it. Manufacturers give a large range for this parameter
since it can vary from 2—4 V. This means that a fixed threshold to approach the linear conductive mode
is not a valid approach and cannot be considered for a safe and robust design.

5.3.2.2.4 Threshold variations and radiation

Variation of the threshold gate voltage versus radiation dose is a key factor for some converters used in
particle accelerators. Figure 17 shows the results for a power MOSFET [1000 V; 15 A] threshold
variation versus radiation dose; this power MOSFET is used in a test configuration to control a constant
low current (50 mA).
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Fig. 17: Power MOSFET Vs threshold variation versus radiation dose

Considering single-event sensitivity, the fact that a power MOSFET can stay in a continuous
conductive state (even with a very low current being flowing through the transistor), with the voltage
across it being lower than the maximum capability, makes this topology almost non-sensitive to single-
event failures.
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The influence of temperature is well-known for power MOSFET transistors, with an Rpson that increases
with temperature. When controlling a power MOSFET transistor in linear mode, increasing the
temperature introduces a negative threshold ‘offset’ as described in Fig. 18.
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Fig. 18: MOSFET Rpson versus temperature

This feature is important since, again, it prevents the use of a fixed threshold, even if trimmed per
power MOSFET at 25 °C, for each power MOSFET threshold level.

5.3.2.2.6  Vps influence

Gain is also influenced by the voltage across MOSFET Fps. See the curves in Fig. 19. This curve has to
be used to determine the minimum value of Vpg for operation. Indeed, in a classical linear stage, we will
see that if maximum voltage is determined by the load operation area, the minimum value across a
power MOSFET can be selected based on efficiency and control criteria. It can be observed that
choosing a low operating voltage across the power MOSFET will lead to a square angle characteristic
with a high rate of change that is difficult to control.
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Fig. 19: Power MOSFET Rpson versus Vps
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5.3.2.2.7 Miller capacitance effect

A signal applied to the gate voltage is loaded by a well-known capacitance that changes with the power
MOSFET conduction status. This change could affect the bandwidth of the control signal if used with a
high resistance in series with a power MOSFET gate. Total gate capacitance is a combination of the
proper gate capacitance added to the output capacitance depending on the power MOSFET status: if a
power MOSFET is conducting, and close to its minimum Rpson, gate capacitance seen from the gate
can be multiplied by a factor up to 2-3. In linear mode use, this capacitance can easily be derived from
the manufacturer’s data:

Qg = Ciss ’ (VGS Final O) + Ciss Miller add (Vcs Final VGS Threshold ) (6)

where Q, is the total gate charge, Cis is the grid capacitance, Vs Threshold 1S the power MOSFET
conduction threshold, and Cismiterada 18 the Miller capacitance.

From this equation can be found the capacitance range:
VGS < VGS Threshold - Ciss ’ (7)

VGS 2 VGS Threshold - Ciss + Ciss Miller add (8)

5.3.2.3  Power MOSFET model conclusions

Controlling a power MOSFET like a ‘variable resistance’ presents two major problems when using a
linear system: a conduction threshold on the gate applied voltage, and a high difference of ‘static’ gain
depending on the resistance value to be obtained.

533 Power MOSFET push—pull control

A linear loop is used to control the power MOSFET push—pull, based on an opposite signal from the
control loop sent to the gate voltage of the power MOSFET transistor branches. In that configuration,
the control loop has to provide a threshold voltage added to the small signal control signal once the
power MOSFET reaches the linear zone. It can be noticed that when switching from the upper to the
lower leg, the control signal has to provide a step of two times the gate voltage threshold.

>
R b Vs hicH

Vour 4l>*T‘|

VGS LOW

Fig. 20: Push—pull control principles

Even if this is highly non-linear due to the power MOSFET’s Rpson behaviour, this principle
works quite well when taking in account the high level of Rpson when used with a low current, while a
high level of current requires a low value for Rpson. Indeed, a small signal analysis would show that it
is possible to choose a working voltage across the power MOSFET (design choice) so that each
compensate themselves, giving an acceptable gain variation.
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Fig. 21: Small signal analysis detail

534 Inherent limitations of a push—pull stage

Even if it is very simple, a basic push—pull system has an uncontrollable zone at null current, since
voltage cannot be ‘obtained’ from the current in the load if it is null. This problem is enhanced with a
superconducting load, where full voltage can be apply with null current. In the same order, the [0 V; 0 A]
point is an unstable point. When applied to a power MOSFET stage, two severe limitations appear.

— Qate voltage threshold, which makes it difficult to use a simple linear system (a control signal
given by the loop has to switch between +VGs treshold Higr and —VGs mreshold Low a8 fast as possible
to avoid the output becoming uncontrolled (blank area, where no power MOSFET conducts).
Figure 22 shows the step voltage required from the voltage control loop; up to 8 V in this
example (two times 4 V from each power MOSFET threshold level).

— Use of power MOSFET equivalent resistance area can be very wide, almost saturated to an
almost open state, giving a four decade gain variation, which again is very difficult to control
in a simple way, even with the self-compensating effect of the current being related to Rpson
values.
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Fig. 22: MOSFET-based push—pull stage limitations: (a) cycle overview; (b) zoom on 0 A crossing transition
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535

Circulating current

A circulating current is a controlled current, internal to the converter — not seen by the load — that
maintains a known state for both the DC-DC power converter and the four-quadrant linear stage. This
feature was requested to obtain high level performance. It provides the following functions.

Provides a minimum load for the DC-DC power converter and avoids a completely non-
loaded output side of the dual output DC-DC power converter. The power DC-DC switched-
mode converter is therefore easily controllable, without a problem of management of
continuous and discontinuous mode, and there is a clamping voltage on the output capacitors
on each side, whatever the output conditions.

Pre-conditions the linear stage power MOSFET, close to the threshold gate voltage. The linear
stage loop will be able to manage high-side and low-side transitions since none of the power
MOSFETs requires a voltage step to change mode (conductive or not).

Limits working zone of the power MOSFET used in linear mode. It is possible to redefine
artificially the range of operation of power MOSFET of each leg in linear mode playing with
the value of the circulating current combined with the operating voltage.

Less important but very convenient is the capability of having a current circulating inside the
power converter when trimming a power MOSFET, if a sharing procedure has to be used; this
is when using power MOSFETSs in parallel per side. A power converter can be trimmed
without any external load, with an adjustable level of current being set to optimize this
possible procedure.

Figure 23 shows a simple representation of the two loops involved in that mode. The addition of
this loop — circulating current — provides real advantages, and gives possibility to — dynamically — trim
the system very deeply (in this case the value of the circulating current is controlled depending on an
adjustable limit on the output current). It is nevertheless an additional loop, which should not disturb
the two loops already in place: power MOSFET push—pull and power DC-DC control. Great care of the
bandwidth of this loop is mandatory, and high signal dynamic performance of the overall power
converter are partly deduced from this loop’s characteristics.
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Fig. 23: Push—pull control principle with circulating current loop

!

Vs Low

5.3.5.1 Influence of circulating current on operational range

Circulating current can be used to limit drastically the highly non-linear zone to a more practicable one,
limiting the high gain zone. This is particularly interesting since it doesn’t cost too much in efficiency,
reducing considerably the less controllable linear zone of the power MOSFET (high resistance, high
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gain), which would lead to instability. Avoidance of this problem is especially critical with a
superconducting load, where the power converter maximum output voltage can be applied in a receiving
quadrant while current, even if slightly moving, is very low.

In the case where a linear stage provides full voltage at a current close to zero, a power MOSFET
will be used with a high resistance value, inducing a very high gain, and becoming a critical zone for
linear loop stability. The circulating current strategy ensures minimum current flows in each power
MOSFET, which are then capable of producing the desired output voltage with medium values of Rpson,
while not just relying on output current. Figure 24 shows a drastic reduction of the range of Rpson, using
only 1 A of circulating current.
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Fig. 24: Small signal analysis detail

5.3.5.2  Circulating current implementation

Implementing this feature requires the addition of a current transducer per side. (Note that these two
sensors can be used to deduct the output current of the load, which is often required for load protection.)
In such a case, the following can be noted.

Knowing the output current will make it possible to adjust the circulating current level to
improve overall efficiency.

Even if these sensors are of low precision (percentage level), they should be of a sufficiently
high bandwidth that they do not interfere too much with the inner loop.

It is possible to use shunts in series with each power MOSFET to provide a self-damping
behaviour if the gate voltage is applied to a power MOSFET gate and measurement shunt.

It is mandatory to use a higher reading range than the power converter produces, since each
sensor will alternatively, and depending on the current polarity, see the output current added
to the circulating current at a maximum output current if non-null (depending on the
circulating current strategy). It is nevertheless possible to use a circulating current only around
the 0 A area, making it possible to use a low-current sensor. This cost-effective solution will
limit the potential benefit of the addition of a circulating current loop.
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5.3.5.3 Circulating current results

Figure 25 shows the result of a circulating current on gate voltage, being constantly close to the threshold
voltage of each power MOSFET.
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Fig. 25: Circulating current improvement effect: (a) cycle overview; (b) zoom on 0 A crossing transition
5.3.5.4 Circulating current possible operation

Circulation current leads to losses, especially when the output conditions are far from 0 A. The worst
example is full output voltage, where circulating current causes the largest amount of energy to be lost
in a power transistor. Considering that this circulating current is only useful close to 0 A output current,
different strategies can exist, with /uimit close to 0 A output current, to avoid extra losses.

A first possible strategy, with circulating current only present close to transitions, is given below:
—  Jour <Iumir Icc — ONhigh value Operating close to 0 A output current is possible;
— Iour> it Icc > OFF Circulating current removed above a threshold.

Another possible strategy, with circulating current always present, is given below:

— Jour<Iumir Icc = ONhigh value Operating close to 0 A output current is possible;
— Jour>Iumit  Icc > ONiow value Circulating current is always present, even if the value
is reduced.

The Icc low value is determined so that high frequency dual output voltage DC-DC is sufficiently
loaded on the non-leading side to avoid overvoltage. It can be noticed that a very low level of Icc is
sufficient to polarize both power MOSFETs, and therefore avoid a too long delay before entering the
safe 0 A crossing zone.

Figure 26 shows the positive effect of a non-null circulating current on the capability of dealing
with a high current change rate. If the two operating cases seem almost equal for operating close to 0 A
output current, the result is nevertheless different when taking into account the speed of the circulating
current loop. Indeed, this additional loop will be lower than the main controlling loop and stabilization
time can become critical if d//d¢ is too fast. If this can occur, the second solution is a lot better. This is
particularly interesting when the converter has to work on a pure resistive load, where d//dz is not limited
by the load.
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Fig. 26: Effect of circulating current on power MOSFET gate polarization: (a) circulating current set to null value
case when not required; (b) circulating current being always non-null, with value changing according to the output
current value.

5.3.5.5 Influence of the number of power MOSFETs on a linear loop

The minimum number of power MOSFETs to be used is determined by power or, better, by the energy
to be absorbed by the linear stage. It is obviously possible to use a large number of power MOSFETsS so
that the Vaias, Vps voltages across MOSFETs in generator mode can be decreased, while keeping a
reasonable controllable area for the power MOSFETs when used at a high current in generator mode.

Reducing Veias makes it possible to increase efficiency, at the price of additional power
MOSFETs. Nevertheless, this improvement is balanced by the fact that MOSFETs will work in a higher
gain area, due to the Rpson characteristics curve, when absorbing energy from the load, leading to a
potential instability. If this design feature can easily be taken in account, increasing the power of an
existing converter does not just require an increase in the number of output power MOSFETS; control
loops have to be reworked to ensure proper operation.

5.3.5.6 Medium and high frequency rejection results

As noted above, a power MOSFET is a natural current source, and it will offer a natural rejection of
both medium and high frequency, from DC-DC dual output to four-quadrant linear stage (4QLS) output.
If rejection is part of the control loops, the medium and high frequency rejection feature is clearly of
benefit to the active power MOSFET characteristics.

Figure 27 shows voltage measurements from a real converter; Vour is the output voltage
measurement, when Vg+ is the voltage provided by the DC-DC power part. Measurements were
performed at maximum power, to stress the input power filter regarding the 300 Hz expected content.
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Fig. 27: Schematic with voltage measurements of interest
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Figure 28 indicates that medium frequency rejection is very high; the performance comes from
the voltage loop natural rejection, related to its bandwidth. The result is a dramatic reduction of the
300 Hz by a factor of 15. Decreasing Vgias will decrease the rejection of medium frequency since the
gain of the power MOSFETs will be lower, being close to their saturation area (flat and low gain). A
trade-off between the efficiency and the level of noise at 300 Hz is to be evaluated. Figure 29 shows the
direct reduction effect of the power MOSFET current source behaviour in the high frequency range.
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Fig. 28: 4QLS medium frequency reduction measurements on a real converter: (a) 300 Hz level on DC
intermediate Bus; (b) 300 Hz level on the output voltage.
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5.4 Converter control loops

Since a four-quadrant linear stage is fed by the power DC-DC (inverter plus dual output filter), a control
strategy for the power DC-DC, four-quadrant linear stage, and circulation current loops has to be
decided upon. Since cascaded loops are involved, a factor of ten is considered between power DC-DC
and four-quadrant linear stage loop speeds. The 4QLS is the fastest loop, since the generating and
absorbing modes both using the 4QLS, but not the generating one. Indeed, 4QLS is fed by the load in
quadrants two and four, and power DC-DC can be transparent in that mode.

VBIAS

| Vrer |
Q:Q » INVERTER

VREF

Fig. 30: Overall control strategy

Circulation current is always the slower loop, since polarization of the power MOSFET should
be completely transparent from the other loops, and being assimilated to perturbations to be rejected by
the other loops. The current rate can give a minimum speed for this loop to achieve non-distorted
crossings.

54.1 Power DC-DC loop

This loop is at least ten times slower when compared to the four-quadrant linear stage. A voltage
reference coming from the converter user was chosen to be the same bandwidth as the power DC-DC,
to avoid the four-quadrant linear stage becoming faster than what the power DC—DC could provide,
leading to conflicts. In this case two settings are used trim the power DC—DC reference: Vgias and V.
The first is used so that the four-quadrant linear stage can work in a given operating range (not too
saturated) as described in previous chapters. The second is used to ensure that power DC-DC is always
at minimum loading by circulating current and a minimum given output voltage reference, leading to a
minimum power. It also makes the loops more robust close to [0 A, 0 V], limiting the operating zone
where all three loops are active at the same time. See Fig. 31.

162



SWITCHED MODE FOUR-QUADRANT CONVERTERS

Tel - [—)
Chi| 2.00V [@iH 2.00V M10.0ms A Chl  —160mV
17 Sep 2001
10.00 % 17:23:30

Fig. 31: Typical power DC-DC reference versus converter reference

6 Practical results

The converter was manufactured by the company Efacec, Moreira da Maia, Portugal, in 2004-2005,
which was also in charge of the rack design and the industrialization of the proposed solutions, following
the CERN design. The converter module is housed in a SU 19" 45 kg power module, as shown in Fig. 32.
It includes control signal, interlocks, and signalling capabilities on the front of the module.

Fig. 32: LHC 120 A-10 V power module

Power converter characteristics during production confirmed the initial choice of the topology.
The system is robust, with a bandwidth of 1 kHz, without any distortion of the voltage while crossing
the 0 A point, and the EMC level was confirmed to be very low. The different trimming possibilities
(VBias, VM, circulation current levels (low and high level), and its current limit when changing level)
and the cascade type design made adjustments easy to achieve, since the system is not too interleaved.
Efficiency was measured to be relatively low (72% at full power) due to linear stage losses.

163



Y. THUREL

Figure 33 shows a 0 A crossing plot, without any distortion, for different loads.

Tek Arrét | | em——— > [w— Tek Arrét ——f— - [—
Ch1:youT - Bandwidth: Load ! ! Load
Ch2: VREF ! - Large Signal R=10mOhms o0
1 -Acg . L=1mH R=100mOhms
T 8V L=600mH
Ch1: VOUT
o
D Ch2 Fréquence Ch2: VREF ¥ X
699.2mH2z T Bandwidth:
1 - Large Signal
: -AC
Ch2 Ampl bbbt b e e+ Detail orossing
2.74V i
) . «
Ch1 Ampl 1
3 2,50V N
Ch3 Max
100 A
1.00V_%ch2[ 1.00V &M[400ms| A Ch2 s 240mV, Ch1| 1.00V W@ 1.00V WM[100ms A Ch3 S 0.00 A
Ch3[_50.0A & 25 Oct 2002 Ch3[ 1.00A & 29 Oct 2002
1[10.00 % 0:23:29 40.20 % 10:58:36

(a) (b)
Fig. 33: Crossing 0 A measurement for different magnet loads: (a) 0 A crossing performance on low time constant
magnet; (b) detail of a 0 A crossing on large time constant magnet.

Moreover, the bandwidth of the system is constant whichever quadrant is used, ensuring safe
operation on a superconducting magnet in regard to the very high precision level (some parts per million)
of the current loop, which will not be affected by the load operating conditions. Figure 34 shows a
typical plot of generator and receptor bandwidth. A voltage step is required, with a small signal added,
so that the converter operates in generator mode, then receptor mode. The current doesn’t change at this
timescale, since the superconducting magnet keeps it unchanged (large time constant)
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Fig. 34: Small signal analysis in receptor quadrant

EMC levels were measured on the AC side (input) and the DC side (user side, superconducting
magnet in series over hundreds of metres). If the AC level is low, according to the IEC regulation
standards, the DC side was found to be extremely low, especially in the high frequency range. This
result is mainly due to the soft commutation inverter, added by the one switching stage alone topology.
This choice was made possible to easily deal with parasitic components (limiting common and
differential mode capacitors of transformers and secondary side rectifiers) using output filter as an
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additional EMC component. The linear stage is obviously a quiet element that doesn’t affect converter
EMC, in opposition with a second switching stage. See Fig. 35 for a typical plot at maximum current
and voltage.
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Fig. 35: DC output side EMC curve (1500 Q probe)

7 Additional topics

This kind of converter type project is generally, and in CERN’s case, put in place for providing several
magnets for a given physics machine, with the additional complexity of load integrity and safety.
Converters tests can then be put into perspective. The following chapters treat these topics to help the
designers of converters not miss these important points. If taken into consideration at project start-up, it
is possible to save a lot of time, with a real possibility of improving global project efficiency.

7.1 Load protection

Load protection is always a critical point, which cannot be neglected. Indeed, the high level of energy
that can be stored in an inductor requires that a current path is always given to it, to avoid possible
damage to the magnet (an inductive path, being opened, results in high voltage stress and dielectric
damage).

CERN uses intensively the system called a crowbar, being a set of bidirectional controlled power
switches in series with a resistor (though none in specific cases); this system is placed in parallel with
the output of the converter, and has the function of protecting the load from a wrong condition, at the
level of the power converter. A tentative opening of the load current path by the power converter would
typically activate the crowbar system to avoid damaging the load. This system could be seen as replacing
free-wheeling diodes in the case of a one-quadrant converter powering an inductive load. Thyristors are
often chosen, since once set they are conductive (overvoltage detection across the crowbar system
triggers the switches), and they will remain conductive as long as load current is present. Nevertheless,
some systems use power MOSFETs as well, with the need to ensure that they are always safely
controlled, letting them conduct the magnet’s current. A simplified model is presented in Fig. 36.
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Fig. 36: Simplified overview of the crowbar

The design of such system, even if not complex, must ensure safe operation of the components
being used. Very often, a capacitor will be placed in parallel with the crowbar system, limiting dV/d¢
across it so that the speed of closing the switch, in series with the crowbar resistor, is compatible with
the voltage reached across the crowbar, the power module, and finally the circuit.

In the LHC machine, power converters are modular systems that can be removed from their slots,
with the risk of disconnecting a power module for replacing it (case of its failure), while a lot of current
is still flowing through it. Taking such a case into account, the crowbar system was designed not to rely
on the output stage power capacitors of the converter, providing its own; on the other hand, crowbar
systems are sometimes placed some metres from the power converter so that they do not create
conditions for oscillations (self-inductance path through the crowbar capacitors in series), and then have
to be limited in their value.

In addition, the capacitors placed on the crowbar side should not lead to too high d//d¢ conditions
for the thyristors when triggered, since collecting the capacitor peak current (sudden discharge) added
to the long time constant’s inductor current.

Figure 37 shows the capacitors (red blocks on the right-hand side) being placed away from the
thyristors (left-hand side), to provide sufficient inductance in series in their path, to limit thyristor d//d¢
when turning on.

Fig. 37: Example of a CERN crowbar system

It can happen that power resistors can be requested to accelerate current discharge and the load
energy removal process, taking into account their load energy capacity, rather than their power rating.
Since the phenomena observed deal with energy versus time rather than power requirements, the
function versus time of thermal management (resistor and semiconductor baseplate), and power losses
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inside each component (the level decreasing with time as the current is reduced), they can be considered
to be unusual by designers of switching power supplies, who are more used to ‘permanent conditions’
system. A safe design must deal with these considerations, to ensure a proper level of semiconductor
junction or case temperatures during the full discharge of a superconducting magnet.

7.2 Reception, qualification and tests

For several projects being conducted at CERN for the LHC machine, four-quadrant converters designs
were validated; and tests on the series were performed with very restricted access to the final
superconducting loads. CERN used some tricks to test these four-quadrant units on standard loads.

7.2.1 Back-to-back test

A four-quadrant converter is able to deliver or receive energy from an inductive load, but also from
another identical four-quadrant converter. It becomes then possible to test each unit versus another unit,
and reach an unlimited time constant load, with the addition of an additional control loop for one of the
module assimilated to the load, and controlled as such. This additional control loop ensures that the
current and voltage developed across the module are following and simulating a high time constant load,
copying a superconducting magnet (Fig. 38).

If this method is very elegant and very powerful for some heat tests, to determine whether the
four-quadrant part (where energy is managed or dissipated) is correctly designed, the control of inherent
converter and the one added for simulating the superconducting load must be very robust, since it is
probable that any instability initiated by one of the power modules would be caught by the other one,
which would be of identical design, with the same weaknesses, if any. It appears that a decoupling
inductor is generally required (self-inductance of cables can be sufficient), its value being determined
by the bandwidth of the additional simulating load controller.

Iload

Converter 1

Converter 2

Vrefl Vload

Vref2

1
1
1
1
T
1
1
1
1
1
1
1
1 DCCT I
1
1
1
1
1
1
1
1
1
1

Fig. 38: Two converters operating back-to-back

7.2.2 Four-quadrant converter bandwidth characterization

If determining the voltage bandwidth of a converter is in general a relatively easy task, determining the
behaviour of a four-quadrant converter becomes a more complex task; indeed, the converter should
demonstrate that it regulates its output voltage in generator or receptor mode, leading to test facility
constraints. Ideally, a converter should be operating in a receptor quadrant, in a steady state, while
receiving input stimulus on its reference, to allow a Bode diagram to be plotted. This can lead to some
potential issues regarding the fact that a power module is generally not designed to stay powered at a
DC receptor point, the design being optimized based on the fact that load energy will decrease. That
having been said, the total amount of energy that the converter can handle (except if sent back to the
mains) is usually limited (by design), and in consequence, the time to measure the performance of the
converter is also limited.
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A simplified method consists of analysing a step-response to deduce the bandwidth of the
converter alone. This simple test, even if not as rich as a frequency systematic Bode diagram type test,
is often sufficient to obtain the stability margin and main performances (speed) of a system.

Taking this into account it is possible to reach the high dissipative area [V; I] of a four-quadrant
converter on a standard inductive load (a few milliHenry plus a few milliOhms), with the condition of
a large voltage step. A method has been put in place with two signal generators in series, providing a
large step voltage (to select the receptive quadrant) superposed with a small signal square waveform (to
study the step-response) (Fig. 39). The method allows the obtaining of any points for the receptive
quadrant, with the combination of the current before the large step occurs, and the value of this step, in
a very efficient way.

lconv R.cable Magnet

Fig. 39: Characterization of voltage loop using two signal generators

The result is the sinusoidal and square small signals, which are shown in Fig. 40. These were
obtained from a superconducting magnet, but would have been equivalent to that obtained from a warm
magnet of just 3 mH, which would be available in a standard test laboratory.
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Fig. 40: Example of step-response on a high time constant load, with the generator to receptor quadrant transition
(a) on sinus type small signal; (b) on square type small signal.

8 Perspectives

CERN started a new project in 2013 for advanced four-quadrant power converters, using the same
principles as those one described in this paper, but with an additional redundancy feature. It is intended
that this will capitalize on the four-quadrant power stage using power MOSFETSs and controlled as a
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pure current source, which it is by nature, and no longer a programmable resistor. Achieving this will
allow a current source to be naturally placed in parallel, with the capability of a redundant four-quadrant
power converter.

9 Conclusions

This paper briefly described four-quadrant power converter topologies. Critical technical points from a
CERN internal design were presented, with practical results obtained on a series of converters produced
for the LHC accelerator. The requirement for not having any disturbances in the operating zone
(especially around [0 A; 0 V]) was achieved, thanks mainly to the circulating current loop, in its function
to avoid dead zones, and to optimize MOSFET control.

The design presented was one of the less noisy converters in the LHC, which was, after some
years of operation, considered to be a wise approach. EMC compliance was found to be a very important
point, for example while looking for explanations of beam instability, while tracking every system
regarding its potential to disturb the beam at specific medium frequencies, in the range 1-50kHz.
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Power Converters for Cycling Machines

J-F. Bouteille
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Abstract

Cycling accelerators require power converters that are capable of storing the
energy that oscillates between lattice magnets and the converter during the
acceleration process. This paper presents the basic requirements for such
systems and reviews the various electrical circuits that have been used for a
variety of differing applications. The designs currently used for fast-,
medium- and slow-cycling accelerators are presented.
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1 Introduction

Some of the material presented in these proceedings is concerned with converters which supply direct
current to the magnet loads. This is relevant to the storage ring, in which the particle momentum is
fixed or where its variation with time is so slow that the energy increase in the magnets is smaller or
of the same order as the resistive energy loss; in such circumstances, the converters can be regarded as
variable-amplitude d.c. systems. However, in most true synchrotrons, which accelerate the charged
particle beam, the magnetic fields in the bending and focusing elements (if these are part of a separated
function lattice) are required to be raised in a relatively short time, from the low amplitude required at
beam injection to a maximum value corresponding to peak beam energy; the fields then need to be
reduced in as short a time as possible, so as to be ready to accept the next pulse of injected beam.
Thus, these cycling accelerators require power converters that are capable of delivering the
appropriate cycling waveform.

As the accelerator magnets cycle from the injection to peak field, energy is transferred from the
power converter to the magnet gap; during the deceleration phase, this magnetic energy has to be
removed from the magnet. In the case of a d.c. accelerator, this process occurs during switch-on and,
far later, during the power-down of the converters. The stored energy is small compared to the
resistive loss in the magnet during any extended period of d.c. operation, and hence this ‘reactive
power’ is not considered in the power supply specification. However, in a cycling accelerator, the
largest component of energy supplied from the converter to the magnets is usually the magnetic
energy associated with the field amplitude. It is therefore significantly more efficient to recover that
energy during the deceleration phase and store it for the next acceleration cycle. Hence, a suitable
energy storage system is an essential part of a converter for a cycling accelerator, and this requirement
is central to the design and specification of such equipment. The nature of suitable engineering
schemes depends on the cycling frequency specified for the accelerator; these can vary from less than
1 Hz for the large synchrotrons associated with particle physics, to 50 Hz for small- to medium-sized
accelerators. The details of the most suitable circuits are discussed in the following.

2 The choice of waveform

2.1 Accelerator requirements

The simplest waveform that could be envisaged for a cycling system is ‘conventional’ alternating
current. However, consideration of the requirements for particle acceleration indicates that this is
highly inappropriate. This is explained in Fig. 1. Injection occurs at low field and the particles are then
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accelerated to peak energy, at the maximum of the sine wave; the acceleration occurs only during the
positive part of the cycle. The simple a.c. waveform shown in the figure produces major
disadvantages:

— less than one-quarter of the cycle is used for acceleration,

— there is an unnecessarily large r.m.s. current, as the negative part of the wave is superfluous,
—  therefore there are high resistive and a.c. losses,

— there is a high magnetic field variation with time at injection (see the following),

— The energy is exchanged 4 times per cycle as only two are required.

15

1 // \— — Extraction
03 7 Injection \

-15

Fig. 1: Simple a.c. is an inappropriate waveform for a cycling accelerator. The simple alternating current wave is
not used without biased current.

Before examining other possible waveforms in detail, it is worthwhile examining the detailed
waveform requirements of the cyclic particle accelerator.

2.1.1 RF system

The radio frequency system provides the voltage necessary to accelerate the particles, or, where the
particles are losing energy due to synchrotron radiation, to replace that loss and maintain the beam at
the required momentum.

2.1.1.1 Acceleration

—  Particle momentum (rigidity)

mv < B; D
—  RF accelerating voltage
Ve « dB/dt; (2)
— RF power
P = klvrflbeam + kZ (Vrf)2 (3)

= (power transferred to beam) + (loss into cavities);

where
—  mvis the momentum of a particle mass m;

—  Bis the magnetic flux density in the bending magnets;
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—  Ibeam 18 the beam current;
— ki and k; are constants fixed by the RF system and accelerator design.

Any discontinuity in dB/dt would call for a step change in RF voltage and power and could
generate beam instabilities, leading to possible beam loss.

Additionally, the particle beam is held in a potential well, created by the RF voltage, in a
mechanism known as ‘phase stability’. The trapped particles move within that potential well, executing
‘synchrotron oscillations’. The frequency of these oscillations (the ‘synchrotron frequency’) is one of
the fundamental parameters of the accelerator and is proportional to dB/d¢. Large values of this
frequency can also cause resonant beam loss, and this places a further constraint on the field
gradient, particularly at injection (see the following).

2.1.1.2  Synchrotron radiation

This radiation is emitted by ultrarelativistic particle beams (electrons at £ ~ 1 GeV; protons at £
~ 1 TeV) when bent in a magnetic field:

—  synchrotron radiation loss & B2E?, (4)
—  for a constant radius accelerator < B*, %)
—  Virto maintain energy < B*, (6)

where F is the energy of the circulating beam.

The magnet waveform therefore needs to have no discontinuities in amplitude (effectively
impossible with an inductive load) or gradient. To limit the maximum RF voltage that needs to be
generated by the RF amplifier (and therefore to limit its power ratings), the maximum value of dB/d¢
should not greatly exceed the average required over the acceleration cycle.

2.1.2 Field gradient at injection

The variation of magnetic flux density with time generates eddy currents in any conducting material
located within the field. In a cycling accelerator, eddy currents will occur predominantly in the walls
of a metallic vacuum vessel, with smaller eddy currents present in the magnet poles themselves. These
currents generate magnetic field disturbances:

— negative dipole field—reduces main field magnitude;
— negative sextupole field—generates negative chromaticity and could drive resonances.

The magnitude of these unwanted disturbances is inversely proportional to the beam
momentum, which is, of course, determined by the dipole magnetic field, B. Hence the effect of eddy
currents is proportional to

(1/B)(dB/dt), expressed as B/B (7)
It should be noted that the synchrotron frequency is determined by the same ratio.

This parameter, the ratio of the field gradient to the field magnitude, is most critical at injection,
when field and beam momentum are low and when the beam is being ‘captured’ into its correct
synchronous phase. This situation is illustrated in Fig. 2.

It will be seen that the value of (1/B)(dB/dt) will be one of the determining factors on which
the waveform suitability is judged.
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Fig. 2: Field gradient and magnitude at injection

2.1.3 Discontinuous operation

In some situations, the accelerator may only be required to undertake an acceleration cycle at time
intervals that are much longer than the normal cycle time. For example, the circulating beam in a
storage ring may decay very slowly with time. To maintain constant beam current, which is very
valuable to experimenters, the booster synchrotron which feeds the main ring is needed to operate in
‘top-up mode’, in which the beam is only accelerated and injected once every ‘n’ booster cycles, with
the value of n varying according to the operational details of the storage ring. The booster could
be operated continuously whatever time delay is required between injection pulses, but this results
in unnecessary power consumption. Hence it is most efficient if the power converter can deliver

an excitation waveform that allows discontinuous operation at intervals determined by the rate of loss
of the stored beam, as illustrated in Fig. 3.

. —
Time

Fig. 3: Discontinuous acceleration cycles as used for ‘top-up’ injection; note that the delay between cycles is
much in excess of the actual cycle time. Several strategies have been observed among top-up machines: at fixed

interval (every x minutes or seconds) it is called df (Diamond, APS); at fixed beam current decay (as soon as the
I beam has decreased by x%) it is called d/ (SLS, Elettra, Soleil, Bessy, Spring8, Petra).

2.2 Possible waveforms
Having established that a normal alternating current is not suitable for powering a cyclic accelerator

and having examined the criteria against which waveforms should be judged, a number of more
suitable waveforms can be considered.

2.2.1 Linear ramp

A linear field ramp and associated waveforms are shown in Fig. 4. It can be seen that the uniform

gradient throughout the cycle results in a very high value of (1/B)(dB/d¢) at injection when the field

magnitude is low, and some form of smooth transition into the ramp (the ‘front porch’) would be
necessary.
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Fig. 4: A linear field ramp between injection and high energy (extraction) (B). Also shown is the gradient

(dB/d), B dot over B [(1/B)(dB/df)], and the function determining synchrotron radiation loss (B%).

2.2.2 Biased sine wave

This waveform, shown in Fig. 5, is based on the use of a half sine wave with a direct current bias of

equal magnitude to the sine wave’s peak value.

It can be seen that the biased sine wave provides a lower maximum value of (1/B)(dB/d¢) at
injection compared to the linear ramp. However, the variation of gradient during the cycle has a higher
maximum value than that produced by the linear variation and, hence, higher RF voltage would be
required. Additionally, higher RF power would be needed if the beam was emitting synchrotron

radiation, as the integrated value of the B* curve is higher.
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Fig. 5: A biased sine-wave field variation between injection and high energy (extraction) (B). Also shown is the

gradient (dB/dt), B dot over B [(1/B)(dB/dr)] and the function determining synchrotron radiation loss (B%).
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‘Custom specified’ waveform

A better alternative to either of the two waveforms presented in Figs. 4 and 5 would be to have a
variation with time that could be specified by the accelerator operator, i.e., a custom specified
waveform. A possible example is shown in Fig. 6.
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Fig. 6: A ‘custom specified’ field variation between injection and high energy (extraction) (B), designed to
provide a low gradient during and just after injection. Shown is the gradient (dB/df), B dot over B [(1/B)(dB/df)]
and the function determining synchrotron radiation loss (B%).

The waveform is based on a constant value of (1/B)(dB/d¢f) during and for a significant time
after injection, which subsequently declines to zero at peak field. If the accelerated beam were to emit
synchrotron radiation, the late increase in the B* term would result in a significant reduction in RF
power, although the peak RF voltage is increased as the maximum in the dB/d¢ term is higher.

2.24

Waveform comparison

A comparison of the three different waveforms presented in Figs. 4, 5, and 6 is given in Table 1.

Table 1: Comparison of suitability of three possible magnet waveforms

Waveform

Suitability

Linear ramp

Biased sine
wave

Beam
optimized
waveform

Gradient constant during acceleration
Limited voltage needs in the power supply
(dB/dr)/B very high at injection and low energy

(dB/df)/B maximum soon after injection but much lower than the linear ramp.
Very limited control of the waveform during acceleration

Provides low (dB/d¢)/B at injection and up to half the wave.
Presents engineering challenges such as much more voltage requested in the power
supply and across the magnet terminals

It can be seen that the choice of waveform is usually a compromise between different criteria
and is often predicated by the electrical engineering circuits that are available; this issue will be
discussed later in the paper.
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3 Power ratings in cycling systems

3.1 Electrical parameters

Figure 7 shows a typical bending magnet with its equivalent circuit.

Fig. 7: A typical dipole bending magnet shown with its equivalent circuit

The symbols used in the equivalent circuit are defined below:
— magnet current, /;
— magnet voltage, V;
—  series self-inductance, L;
—  series resistance, R;

— distributed capacitance to earth, C.

Then:
— magnet voltage,
V = RI + L(dI/dt); (8)
- instantaneous power,
VI = RI? + LI(dI/dt); )
- stored energy,
E= %le - dE/dt = LI(dI/db); (10)
- therefore power,
VI = RI? + dE/dt; (11)

The first term in Eq. (11) will be recognized as the resistive loss in the magnet; the second is the
rate of change of energy stored in the magnet as the field cycles between injection and peak field. This
is referred to as ‘reactive power’, i.e., it represents a flow of energy which alternates between positive
and negative values. The challenge of the cyclic power converter is to control this flow of energy and
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provide the necessary storage system as significant quantities of energy circulate between the magnet
and the power supply.

3.2

Categories of cycling systems

Before examining the various circuits and techniques which are used for power cycling accelerators, it
is beneficial to consider the different regimes required for different accelerator applications.

Cycling systems can be categorized according to their repetition rates.
Slow cycling: the term is usually applied to power systems with cycling time in the range

1 sto 10 s; a typical figure would be a cycle time of the order of 3 s. The supply systems for
the largest proton accelerators generally fall into this category, as the energy stored in the long
chain of electromagnets produces a large reactive power rating even at the low repetition rates.

Medium cycling: with cycling time from 200 ms to 1 s, such systems have come to prominence
more recently due to developments in power electronics which make this frequency range
possible with full-waveform controlled circuits (as discussed in the following). They are
typically used in separated-function electron accelerators where the lattice configuration
eliminates the problem of beam anti-damping at high energy. The main added value is the
possibility to use a single- or multi-shot strategy to optimize the stability of the main beam
current.

Fast cycling: corresponding to repetition rates of 10 to 50 Hz, these systems were used in the
combined-function electron accelerators in the 1950s and 1960s where rapid acceleration
times were needed to limit beam blow-up at high energy. They currently have applications in
high-current medium-energy proton accelerators where the rapid cycling time provides intense
fluxes of high-energy particles.

Three examples of these different types of accelerator requirements, with corresponding excitation and
reactive power ratings, are now presented.

3.2.1

A slow-cycling system: the CERN Super Proton Synchrotron (SPS)

This 450 GeV, slow-cycling accelerator, used for high-energy particle physics, has undergone many
modifications during its long life, and currently has a number of different operating modes. The
presented data correspond to the ‘fixed-target” mode, which demands the highest operational
parameters. Details of the power system ratings are:

peak proton energy 450 GeV;
cycle time (fixed target) 8.94s;
peak current 5.75 kA;
peak d//d¢ 1.9 kA/s;
magnet resistance 3.25 Q;
magnet inductance 6.6 H;

magnet stored energy 109 M1J.

The waveforms corresponding to this mode of operation are shown in Figs. 8, 9 and 10.
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Fig. 8: Current waveform of the CERN SPS when operating in ‘fixed-target’ mode
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Fig. 9: Voltage waveforms of the CERN SPS corresponding to the current waveform of Fig. 8
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Fig. 10: Power waveform of the CERN SPS corresponding to the excitation levels shown in Figs. 8 and 9
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It can be seen that the oscillation of energy between supply and load calls for forward voltages
of 30 kV and reverse voltages of 20 kV. However, Fig. 9 demonstrates that the resistive voltage
dominates during the acceleration and the flat-peak-field part of the cycle; reactive power is small
compared to the resistive loss. Thus, the reverse power shown in Fig. 10 is small compared to the
forward power in the earlier part of the cycle; however, the reverse power is still of the order of
50 MVA.

3.2.2 A fast-cycling system: the European Synchrotron Radiation Facility (ESRF) booster

The ESRF is a medium-sized electron storage ring which generates synchrotron radiation for a wide
range of research applications; it has a full energy (6 GeV), 10 Hz (fast-cycling) booster
synchrotron which accelerates electrons for injection into the main ring. The parameters of the booster’s
power system are as follows:

—  peak electron energy 6.04 GeV;

— cycle time 100 ms;
— cycle frequency 10 Hz;
— peak dipole current 1467 A;
— magnet resistance 568 mQ;
— magnet inductance 178 mH;

— magnet stored energy 191 kJ.
The power systems waveforms are shown in Figs. 11 and 12.
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Fig. 11: Current waveform of the ESRF booster, and resistive and total voltage waveforms of the ESRF booster
synchrotron.
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Fig. 12: Power waveform of the ESRF booster corresponding to the excitation levels shown in Fig. 11
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It can be seen that the reactive voltage greatly exceeds the resistive voltage; the energy stored is
more than an order of magnitude greater than the loss per cycle. Consequently, the power waveform is
far more symmetrical about the time axis, compared to the SPS data, and energy storage is a vital

feature of this power system’s performance.

4 Cycling converter systems

Having examined the ratings of various cycling accelerators, it is now possible to discuss the nature of
the power systems used to excite the magnet circuits. As the energy storage system is fundamental to
the design, the various circuits can be categorized according to the elements used for this purpose.

They fall into three categories:
— mechanical energy storage;
— inductive energy storage;

—  capacitive energy storage.

When considering the circuits that need to be assembled around the central storage device, it is

worthwhile emphasizing the basic requirements. The power converter system should:
— provide a unidirectional alternating waveform;
— provide accurate control of waveform amplitude;
—  provide accurate control of waveform timing;
— provide storage of magnetic energy during low field for efficiency purposes;

— avoid disturbances on the neighbouring customers;
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— if possible, provide waveform control to compensate for magnetic non-linearities;

— ifneeded (and possible), provide discontinuous operation for ‘top-up mode’.

4.1 Storing energy locally

One of the difficulties that influences the choice of the converter is to be as transparent to the supply
network as possible. The large energy exchange with the public network is the potential cause of
disturbances: this low-frequency perturbation is called the ‘flicker’.

10 ¢
\»
AN .
NS
N — 230V
N -———= 120V
\\\Q:\. """ 100 V
\::;\*. "
™ \~\. o, N
AUIU (%) 1 e L
™~ L \; ‘\ : I/
9
Y i
//
7
7
0,1
0,1 1 10 100 1000 10 000

Rectangular voltage changes per minute

Fig 13: Curve of the maximum variation of supply voltage authorized on European networks. Note that two
consecutive voltage changes (one positive and one negative) constitute one ‘cycle’, i.e., two voltage changes per
second mean a 1 Hz fluctuation.

The worst case is at the bottom of the curve: 1200 voltage changes per minute yields 20 changes
per second, and this is 10 Hz. The maximum tolerated value at 10 Hz is 0.29%, leading to a request for
a public network rigidity 345 times higher than energy exchange. With the example of the ESRF booster
dipole magnets, the power fluctuation of 15.5 MVA should produce less than 0.29% AU/U on the local
network voltage. The current value at the ESRF on the 20 kV 50 Hz mains short-circuit power is
150 MVA. As a result, this power exchange will therefore produce more than 10% AU/U at 10 Hz. The
maximum allowed is 0.29% x 150 MVA = 435 kVA for all systems including quadrupole and RF
systems. Storage of magnetic energy during low field for flicker constraint is therefore mandatory to
avoid disturbances on the neighbouring customers. The regional transport network at 225 kV-7 GVA
short-circuit capacity allows 20 MV A power cycling at 10 Hz, which is just sufficient for the energy
exchange requested at the ESRF.

4.2  Slow-cycling mechanical energy storage

These circuits were used to power and control the slow-cycling synchrotrons of the second half of the
twentieth century. A diagram of a typical mechanical energy storage system is shown in Fig. 14.
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Fig. 14: Diagram of a typical mechanical energy storage system
The use of mechanical energy storage is only suitable for slow-cycling accelerators.
Furthermore, the use of rotating machinery resulted in high capital and maintenance costs and, in
some cases, the pulse duty caused faults in the alternators. In the later part of the twentieth century,
the concept of mechanical storage was replaced by the use of direct connection to large very rigid
national and international electrical supply grid systems using the large power plants’ alternator inertia.
4.3 Slow-cycling direct connection

National supply networks have large, inductive stored energy. Given the correct interface, this can be
utilized to provide and receive back the reactive power of a large accelerator.

Compliance with supply authority regulations must minimize:

— voltage flicker at the feeder with the curve indicated in Fig. 13;

— phase disturbances at the accelerator and neighbouring sites;

—  frequency fluctuations over the entire network.

A very ‘rigid’ (i.e., high short-circuit capacity) high-voltage line into the accelerator equipment

is necessary.
4.3.1 The magnet power supply system for the SPS (CERN)
A simplified diagram of this system is given in Fig. 15.
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Fig. 15: The directly connected power supply system of the CERN SPS magnets

The diagram shows 14 converter modules, each comprising 2 sets of 12 pulse phase-controlled
thyristor rectifiers. These are connected to the ring dipoles in series, with segments of the load located
between successive power units; this prevents the required circuit voltage being applied in a single
step. Each module is connected to its own 18 kV feeder, which is directly fed from the 400 kV French
network.

As with the mechanical energy storage systems, the magnet current is controlled through phase-
controlled rectifiers—solid-state thyristors in this case. Hence control of the magnet waveform,
within the limitations of the converter’s output voltage, is available.

Whilst the direct connection to the extensive and very rigid French grid provides an adequate
source and sink of energy, compensation is necessary to prevent excessive phase swings at the CERN
site. This is provided by a number of filters using saturable reactors, which are connected to the 18 kV
line, as shown in Fig. 16 and also explained in Karsten Kahle’s contribution in these proceedings.

This system represents significant capital savings compared to the earlier fly-wheel/alternator
system. The maintenance costs and necessary downtime associated with rotating machines are reduced.
This is therefore the preferred converter for large, slow-cycling accelerators; the CERN equipment
has worked reliably and successfully since the commissioning of the SPS, and other particle physics
laboratories have adopted this solution. However, it is strongly dependent on the energy storage
characteristics of the local electrical network, on the availability of a very rigid high-voltage supply
line, and on the agreement and co-operation of the electrical utility company, linked with rules for anti-
flicker constraints.
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Fig. 16: Connection of filters using saturable reactors to the 18 kV feeder for the SPS magnet power supply
system. The filters compensate for the inductive nature of the supply system and minimize phase swings that
would otherwise occur, resulting from the power fluctuation during the acceleration and deceleration cycles.

4.4 Medium- and fast-cycling inductive storage systems

Neither mechanical storage nor direct connection is suitable for systems with cycling frequencies
much above 1 Hz. Hence the fast- and medium-cycling accelerators (mainly electron synchrotrons)
developed in the 1960s and 1970s used inductive energy storage. At that time inductive storage was
roughly half the cost per kJ of capacitive energy storage, though this situation changed towards the
end of the twentieth century (see the following). The ‘standard circuit’ was developed originally at the
Princeton-Pen accelerator and was named the “White circuit’ after that laboratory’s director, Professor
Milton White.

4.4.1 The singe-cell White circuit

In its simplest form, the White circuit comprises a complete series string of the accelerator magnets,
connected into a parallel network of resonating capacitors and an energy storage inductor. A diagram
of such a circuit is given in Fig. 17.
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Fig. 17: Schematic diagram of a single-cell ‘White circuit’
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The series-connected accelerator magnets are resonated at the cycling frequency by capacitance
C. In parallel with this circuit is another resonant system comprising an inductor, referred to as the
‘energy storage choke’ and the resonating capacitor C,. The d.c. converter which generates the direct
current required to bias the alternating sine wave is located between these two parallel circuits;
providing the two circuits are correctly resonated, there will only be a small alternating current
flowing through this rectifier set. The a.c. excitation is provided by an inverter supply powering the
parallel circuits by means of a further winding on the inductor, which is closely coupled to the main
inductive winding. Again, providing the resonant tunes are correct, the a.c. supply sees a resistive load
and, of course, sees no direct current. Consequently, the basic feature of the system is to connect the
magnets to two separate supplies—one d.c. and one a.c.—that do not interfere with each other, that
are orthogonal in their control functions, and that, together, generate a fully biased sine wave in
the accelerator magnets.

These features of the circuit are summarized as follows:
— magnets are all in series—this ensures field uniformity around the accelerator;
— circuit oscillation frequency given by w;
— () resonates magnet in parallel:

C; = w?/LyCy; (12)

—  C,resonates energy storage choke:

C; = w?/Ley; (13)
— the energy storage choke has a primary winding which is closely coupled to the main winding;
— only small a.c. is present in the d.c. source;
— no d.c. is present in the a.c. source;
— the waveform control is very limited to a few per cent of adjustment to compensate saturation

effects. This will not be developed here.

A diagram of the current waveform is given in Fig. 18; this defines the parameters used in the
following section.

Fig. 18: Diagram of the current waveform generated in the accelerator magnets by the ‘White circuit’
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The equations corresponding to this circuit are as follows:

magnet current,

Iy = Iy + I - sin(wt); (14)
— magnet voltage,
Vm = Ruly + wlyLy - cos(wt); (15)
—  choke inductance,
Lcp = aLy (a is determined by inductor/capacitor economics); (16)
—  choke current,
Ien = lge — (1/ )], " sinwt; (17)
—  peak magnet energy,
Em = (1/2)LM ’ Udc + Iac)z; (18)
—  peak choke energy,
Ech = (1/2a)Ly - Uge + Loc/@)?; (19)
— typical values:
lIgc~TIac; a~2. (20)
Then,
Ey~2Ly(Igc)?; 21)
Ecn~9/4 Ly(Ia0)*. (22)

rectifier with magnet
d.c. and

twin winding, smaller a.c. n

single core output. —_—

choke ik

Fig. 19: Modified version of the single-cell White circuit which utilizes a single power source to generate both
alternating and direct currents in the magnet.

4.4.2 The multi-cell distributed White circuit

The single-cell White circuit has all magnets series connected and resonated by a capacitor bank, the
complete magnet voltage appearing across this single parallel circuit. For large fast-cycling
accelerators, where the magnet alternating voltage significantly exceeds 10 kV, it is necessary to
divide the White circuit into a number of separate cells, which are series connected, with a
capacitor/choke parallel circuit separating each cell. Such an arrangement is shown in Fig. 20.
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Fig. 20: The distributed White circuit arrangement, as required when the magnet series alternating voltage would
be excessively high across a single cell; the example shown is a four-cell circuit.

The nomenclature used in Fig. 20 is as defined in Section 4.3.1, with the magnets identified as
Lw. It can be seen that these are still series connected to ensure current continuity. The diagram is for
a four-cell system but, in principle, the circuit can be assembled with any number of cells as required
to limit the voltages to earth (see the following).

The energy storage choke is now divided into a number of separate secondary windings, each
closely coupled to a corresponding primary. One secondary winding is further divided into two, with
the source of the d.c. bias located at this point, which is also made the single firm earth point in the
network. The capacitance in the circuit is also segmented, with a bank connected in parallel with each
secondary; each bank combines the magnet and choke capacitances (Ci and C; of Fig. 17). At the split
secondary, the capacitances that resonate the choke in parallel and the magnets in series are separated.
With these provisos, the equations of Section 4.3.1 for the single-cell circuit are equally valid for this
circuit.

The primary windings are all connected in parallel; this prevents unwanted ‘spurious modes of
resonance’ which can occur when multiple resonant systems are coupled. With primary windings
absent, a four-cell secondary network has spurious resonances which are the four eigenvalues w,
predicted by the following equation:

1 K, K, K; Kg)¢ 0 0 0
1 _ waCh Ky Ky Ky Ky |0 G 000 0 23)
1 Ky, K5, K Ky,||0o 0 G 0
1 K, K, K K4 )J\0 0 0 C

where
— K, are coupling coefficients between choke windings n, m;
— (G, is capacitance 7;
—  Lcn is self-inductance of each secondary;
—  w, are the frequencies of spurious modes.

The spurious modes do not induce magnet currents but can represent a serious energy loss
mechanism in the circuit; hence, the use of closely coupled parallel-connected choke primaries is
strongly advisable.

The use of paralleled primaries also ensures that the voltages across each section are equalized—
an arrangement that prevents the alternating currents at the fundamental frequency of oscillation that
pass through stray capacitances to earth resulting in dissimilarity of magnet current around the
network. Given this equalization of voltage across each section, the voltage distribution to earth
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along the magnet and choke secondary circuit is as shown in Fig. 21 (for clarity, the primary windings
are not shown). It can be seen that the multi-cell arrangement prevents the magnet voltages
accumulating to a level that would provide difficulty with coil and bus-bar insulation.
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Fig. 21: Voltage distribution to earth in the secondary circuit of the multi-cell White circuit

The principle features of an n-cell White circuit are summarized as follows:
— the magnets are still in series for current continuity and equity;
— the voltage across each section is only 1/n of the total magnet voltage;
— the maximum voltage to earth is only 1/2n of the total;
— the choke has to be split into n separate windings;
— thed.c. supply is at the centre of one split secondary winding—this is the circuit’s firm earth point;
— the a.c. is connected through a paralleled primary;
— the paralleled primary must be close coupled to the secondary to balance voltages in the circuit;

— there is no waveform control.

An example is shown in Fig. 22.

I
i i
I i
i I
I I
| =21 !
i ' I
I &y = = =
! = et = =
,,,,,,,,,, ok sosse s oum e e o ot
S B M B SR o
| :
= 1= 1 ~f ! 1l
i i .l
I | =
i
T s S U : - !
! i
| AC Dipol UNI Gerat ‘ DC Dipol :
i I

Fig. 22: Desy 12.5 Hz booster synchrotron example
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4.5 Modern capacitive energy storage systems with switch-mode control

Technical and economic developments in electrolytic capacitor manufacturing now result in
capacitive energy storage being of lower cost than inductive energy storage (providing voltage reversal
is not required). Additionally, semiconductor technology now allows the use of fully controlled devices
(Insulated Gate Bi-polar Transistors—IGBTs) giving waveform control at medium current and
voltages, using the ‘switch mode’ principle. Medium-sized synchrotrons with cycling times of 1-5 Hz
can now take advantage of these developments for cheaper and dynamically controllable power
magnet converters, with waveform control available, within the limits of the current and voltage
ratings. This innovation was pioneered by Irminger, Horvat, Jenni and Boksberger at the Swiss Light
Source (SLS); the single line equivalent circuit that they developed to power the 3 Hz booster
synchrotron is shown in Fig. 23.
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Fig. 23: Controlled capacitive energy storage system developed for the SLS
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The accelerator magnets (identified as LOAD in Fig. 23) are series connected and are fed in
reality by two power converter circuits, each comprising:

— ad.c. power source;
— ad.c. chopper, which controls the flow of energy to make up the system losses;
— the main energy storage capacitor;

— a high-frequency ‘switch-mode’ chopper circuit which is capable of transferring energy into
the magnet, allowing the load to ‘free-wheel’ in a passive state or inverting the energy flow
and recharging the capacitor from the energy stored in the magnet;

— a number of low-pass filters, which smooth out the chopping ripple and deliver the low-
frequency voltage waveform to the magnet.
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Fig 24: Real power circuit diagram
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Each power unit carries half the current, i.e. 475 A and half the voltage, i.e., 500 V. The basic
parameters of the SLS booster installation are given in Table 2.

Table 2: Parameters of the SLS booster synchrotron power supply system

Combined-function dipoles 48 BD; 45 BF

Resistance 600 mQ
Inductance 80 mH
Maximum current 950 A
Stored energy 28 kJ
Cycling frequency 3.1 Hz

The waveforms associated with this circuit are shown in Fig. 25 (magnet current and voltage), Fig. 26
(total power into the magnet) and Fig. 27 (capacitor voltage and input current).

1000 -
750 -
500 -
250

0

-250 +

-500

CURRENT [A] / VOLTAGE [V]

|
|
o= o o o o
L =] o L

|
I
- O
n To)
- N N ™M ™

100 +

Fig. 25: Magnet current and voltage vs time (ms) in the SLS booster capacitive energy storage power supply
system.
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Fig. 26: Magnet power vs time (ms) in the SLS booster capacitive energy storage power supply system

POWER [KW]

191



J-F. BOUTEILLE

! I I !
600 s e . - e
2 N / \\ i , ',
¥ ‘A\‘. // \ y Ve \.\ m OI
500+ — i Ta mpm[\\;] tege
\ p | { \ i /
\ / \ ,"f i A fi
\ / \ / \ T
4007\ — A Nt
300 1
200 — '
= ' | \‘“—/ \\\\—// de/de input current
100 7 . A
0 I I i (
0 0.1 02 03 04 05 0.6 0.7 08 09 1
TIVE [s]
Fig. 27: Capacitor voltage and input current vs time in the SLS booster capacitive energy storage power supply

system.

It should be noted that it is the development of the power IGBT that allows this switch-mode
circuit to control the magnet waveform. The switching of the high-frequency chopper controls both
the direction and the rate of flow of energy between the capacitor and the magnet, and this is only
possible in the frequency domain of a few hertz with the use of the power semiconductors, which can
switch on and off whilst conducting currents of the order of hundreds of amperes.

It is instructive to contrast this relatively new solution to powering a cycling synchrotron with
the older White circuit:

— the switch-mode circuit does not need a costly energy storage choke with increased power
losses;

— within limits of rated current and voltage, the switch-mode circuit provides flexibility of
output waveform;

—  after switch-on, the switch-mode circuit requires less than 1 s to stabilize (valuable in ‘top-up
mode’).

Booster Power Save Mode

» Top-up mode

- Define desired Top-up current and current per injection cycle

— inject every few min. e.g. Top-up 350+1mA: inject 1mA every 160sec
» Booster magnet power supplies

- Power save:

Magnet PS: ~200kW

(symbolic: Ramp: 7 power supplies
10 cyles to 1 Trigger 8s of 160s
full power = 5% duty cycle

= reduce to 10kW

A A A = save ~100k$/year
Start Ramp Start Inj. Stop Ramp

for bend PS) |

Andreas Liideke, ESLS XIll, Nov. 2005

Fig. 28: An example from the SLS of the booster power save mode

The example shown in Fig. 28 from the SLS indicates an increase in efficiency of the injector of
such an equipped machine. However, the current and voltages possible in switched circuits are
currently restricted by componentratings. The power stress of the silicon die at a few hertz is the major
difficulty to overcome for such power converters.
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The booster synchrotrons of the next generation of light sources (Soleil, Diamond) are using
this circuit, with component ratings now adequate to power the 3 GeV, 5 Hz booster for Diamond.
However, the use of such a circuit for a 50 Hz fast-cycling accelerator is still some way off, and
capacitor and IGBT voltage ratings will need to rise by approximately an order of magnitude before
this becomes realistic.

5 Case of slow-cycling Pulse Width Modulation (PWM) with integrated capacitive
storage

The CERN power converter for the Proton Synchrotron (PS) accelerator was powered by a rotating
machine sized to 90 MVA. This system, described by Fig. 29, enables an acceptable energy exchange
between magnets and mechanical storage to avoid exchange with the public network.

18 KV AC,

2" 12 MVA

7 MVA 81150}:\1'& :" Q :
190 V AC ‘$
= Al e

25KV AC

B
D~

6 kA 12 KV

Maqnets

Rator of 80 Tens at 1000 mir
kinetic energy = 233 MJ

Mator Generator
Fig. 29: Single line diagram of the 90 MV A electro kinetic system powering the PS at CERN

The basic data for the magnet are as follows: £10 kV, 6 kA, 2.4 s pulse see Fig. 30

1: Voltage (2.7kV/div)

2: Current (1kA/div)

3: Active power (11.5MW/div)
Time: 200ms/div

Fig. 30: Typical electrical waveform of the CERN PS accelerator magnets

In 2007 the mechanical storage was replaced by capacitive storage. Figure 31 is a global view of
the single line diagram of such a system.

193



[] ACIDC converter - AFE
[] pciDC converter - charger module
|:| DC/DC converter - flying module

MV7308

J-F. BOUTEILLE

MV7308

Capacitor voltage (V)

Dc [ i j ) _f ( i j ) DC
AC AC
cor ccz
MAGNETS
-l -
g T : T
pDC |+ | . | ' DC
il N el 1 L
4 I Lw2 X I
DC = | RF1 | Rl . i DC
b J |eF1i== : | ::crm: Be
. Gt 5
3 | . . | | |
Dc | | ™ z | | -| bC
iR NIl
Dc = | | * DcC
. | | hacil
bet | i e | i oez
|eFiz== | ==CcF22
’ | . | L
= I ' I . B l
DC | | | | DC
| wisners |
oc L 1] 2228 L L] ¢ M oc
bes (42

Fig 31: General view of the single line diagram of POPS

Each leg is based on three parallel neutral clamped legs allowing the production of three voltage
levels to the output: (+VDC/2, 0, —VDC/2). The six capacitor banks are located in containers (40 ft
shelters). Each of them contains 126 units parallel connected for a total value of 0.25 F, 5 kV. The 3 MJ
of energy stored can vary from 5 kV to 2 kV, giving 2.5 MJ usable energy exchange. Six capacitor
banks in total give 15 MJ of energy available to exchange with the magnet chain. The diagrams of
Fig. 32 show the main current and voltage of such a system.
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6 Conclusion

The power converters are a vital part of a cycling accelerator, and the operational efficiency and
susceptibility of the machine to parameter drift are dependent on the stability and accuracy of the
converters and whether their waveform can be adjusted to match the beam requirements during
acceleration. It is therefore important that the engineers designing and operating the converters are in
close collaboration and communication with the magnet designers and those defining the lattice
and predicting the beam behaviour. In this way the most suitable circuit will be chosen and the optimum
performance obtained.
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Radio Frequency Solid State Amplifiers

J. Jacob
ESRF, Grenoble, France

Abstract

Solid state amplifiers are being increasingly used instead of electronic vacuum
tubes to feed accelerating cavities with radio frequency power in the 100 kW
range. Power is obtained from the combination of hundreds of transistor
amplifier modules. This paper summarizes a one hour lecture on solid state
amplifiers for accelerator applications.

Keywords
Radio-frequency; RF power; RF amplifier; solid state amplifier; RF power
combiner, cavity combiner.

1 Introduction

The aim of this lecture was to introduce some important developments made in the generation of high
radio frequency (RF) power by combining the power from hundreds of transistor amplifier modules.
Such RF solid state amplifiers (SSA) were developed and implemented at a large scale at SOLEIL to
feed the booster and storage ring cavities [1, 2]. At ELBE FEL four 1.3 GHz-10 kW klystrons have
been replaced with four pairs of 10 kW SSAs from Bruker Corporation (now Sigmaphi Electronics,
Haguenau/France), thereby doubling the available power [3]. The company Cryolectra GmbH
(Wuppertal/Germany) delivers SSA solutions at various frequencies and power levels, such as a
72 MHz-150 kW SSA for a medical cyclotron [4].

Following a transfer of technology from SOLEIL, the company ELTA (Blagnac/France), a
subsidiary of the French group AREVA, has delivered seven 352.2 MHz—150 kW RF SSAs to ESRF [5,
6]. These SSAs are used as an example to illustrate this technology. A compact SSA making use of a
cavity combiner with fully planar RF amplifier modules that are suited for mass production is under
development at ESRF: the aim is to reduce the required space and fabrication costs’.

1.1 Typical radio frequency system layout

The typical layout of an RF transmitter powering an accelerating cavity in a particle accelerator is shown
in Fig. 1. The low-level RF signal generated by the master source is distributed to all RF stations and
other equipment such as, for example, the beam diagnostics systems. It is modulated in amplitude and
phase by the low-level RF (LLRF) system, pre-amplified and amplified to high power by means of an
RF power amplifier, which is the subject of this paper.

RF power amplifiers are often protected against reverse power by an isolator built with an RF
power circulator that transmits the incident power to the accelerating cavity and deviates the reverse
power into a high power load. The RF transmitter generally includes various auxiliaries, a power supply,
a modulator, and fast interlock protection systems.

! This development has received funding from the EU as work package WP7 in the frame of the
FP7/ESFRI/CRIPS project
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Fig. 1: RF transmitter for an accelerating cavity

1.2 Example: the ESRF transmitters

The 1.3 MW 352.2 MHz super klystron from Thales Electron Devices (TED, Vélizy/France) in Fig. 2(a)
was initially developed for the CERN/LEP ring. Similar klystrons are or were manufactured by other
tube manufacturers. Four transmitters using this type of klystron were implemented at ESRF in the
1990s: one to deliver 600 kW in 10 Hz pulses to the booster cavities, and three others to power the
storage ring cavities in a continuous wave (CW). As shown in Fig. 2(b), the power from these klystrons
needs to be split to feed two to four cavities with several hundred kilowatts each.

352 MHz 1.3 MW klystron -
i s - ro e e - : .“
i ‘i‘ :éuﬂuﬂ.i_'“ h’,.“.'%:_' A

[ i 1 l_. l

s e i a1

00 00

(b)

Fig. 2: (a) 1.3 MW Kklystron from Thales Electron Devices (TED, Vélizy/France) used at ESRF. DC to RF
efficiency 7max = 62%, gain Gmax = 42 dB. (b) Power splitting to provide several hundreds of kilowatts of RF to a
number of ESRF cavities.

These klystron tubes have a high gain and a good efficiency. They are fed from 100 kV, 20 A DC
high voltage power supplies with a sophisticated crowbar protection. In modern systems, fast insulated-
gate bipolar transistor (IGBT) switched power supplies are used. Klystrons require many auxiliary
power supplies for the modulation anode, the filament, and the focusing coils. Due to the high voltage,
the electrons generate a substantial level of high energy X-rays when hitting the collector, which
necessitates a sophisticated lead shielding hutch.

Out of the original three manufacturers, only one still produces the ESRF klystron shown in
Fig. 2(a), and in the early 2000s there remained only a few customers. Seeing the potential risk of
obsolescence of these klystrons, it was necessary to become prepared for an alternative RF power source
in order to safeguard the operation of the facility. Following SOLEIL’s great success with the
development and operation of 180 kW SSAs [1] it was decided to implement an initial series of seven
SSAs in the frame of the ESRF upgrade phase I over the years 2009 to 2015. Figure 3 shows one of the
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seven new 150 kW SSAs at ESRF. Four SSAs have replaced the booster klystron transmitter, and each
of the three remaining SSAs feeds one new Higher Order Mode (HOM) damped cavity in the ESRF
storage ring [5, 6].

Pair of push-pull transistors

650 W RF module 75 kW coaxial 150 kW - 352.2 MHz Solid State
> DC to RF: 1) = 68 to 70 % :)OWE' combiner Amplifier
ree

DC to RF: 1 > 55 % at nominal power

Fig. 3: One of the 150 kW-352.2 MHz solid state amplifiers obtained by combining the power of 256 RF transistor
amplifier modules each delivering up to 650 W (seven such SSAs are in operation at ESRF, provided by
ELTA/AREVA following a transfer of technology from SOLEIL). DC to RF power conversion efficiencies are

denoted 7.

An SSA combines the power from as many transistor modules as needed to provide the required
nominal output power for one cavity with a given safety margin: 256 modules in the example shown in
Fig. 3. The architecture and design of SSAs will be described in detail in Section 2 and a flavour of their
performance will be given.

1.3 Radio frequency power sources for accelerating cavities — a brief history

This section concludes with a brief history and overview of the RF power sources used to feed
accelerating cavities [7]. The graph in Fig. 4 shows the technologies used in various accelerator
applications as function of the operating frequency and the required unitary power level.
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Fig. 4: Typical RF sources used in accelerators
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Electronic vacuum tubes like triodes and tetrodes have existed since the early twentieth century.
Due to their finite electron drift time they are basically limited to frequencies below 1 GHz. Tetrodes
are still in use today for broadcast and accelerator applications to generate from kilowatts at 1 GHz up
to hundreds of kilowatts below 100 MHz. Note that a small 3.5-5 GHz triode delivering 2 kW pulses
exists for radar applications. With its optimized geometry the diacrode developed by Thales can deliver
1 MW at 200 MHz.

In the 1940s and 1950s tubes were developed for high frequency applications that benefit from
the electron drift time. They are still widely in use, providing high RF power at high frequencies:

klystrons: 0.3 GHz—10 GHz, delivering from 10 kW to 1.3 MW in CW and 45 MW in pulsed
mode, with applications in TV transmitters, accelerators, and radar;

I0Ts (Inductive Output Tubes or klystrodes): a high efficiency mixture of a klystron and a
triode, providing typically 90 kW at 500 MHz to 20 kW at 1.3 GHz, initially developed for
SDI (Strategic Defence Initiative) in 1986, with current applications in TV and recently in
several accelerators;

travelling wave tubes (TWT): 0.3 GHz to 50 GHZ, broadband, highly efficient, with
applications in satellite and aviation transponders;

magnetrons: 1 GHz to 10 GHz, narrow band, mostly oscillators, highly efficient for
applications in radar and microwave ovens;

gyrotron oscillators: high power millimetre waves, 30 GHz to 150 GHz, delivering typically
0.5-1 MW pulses of several seconds duration, still subject to much R&D, used for plasma
heating for fusion and military applications.

In the 1950s and 1960s the invention and spread of transistor technology also opened the way for
many applications in the field of RF:

bipolar, MOSFET, etc. transistors: delivering several tens of watts up to frequencies of about
1.5 GHz, recently up to 1 kW per unit with sixth generation MOSFETs;

RF SSAs are increasingly used in broadcast applications, in particular in pulsed mode for
digital modulation: 10 kW—-20 kW obtained by combining several modules;

SOLEIL: from 2000 to 2007 SOLEIL pioneered the development of high power 352 MHz
MOSFET SSAs for accelerators: 40 kW for their booster, then 2 x 180 kW for their storage
ring;

ESRF: recent commissioning of seven 150 kW SSAs, delivered by ELTA/AREVA following
a technology transfer from SOLEIL;

increasing numbers of accelerator labs use, develop, or consider solid state technology for RF
amplification, e.g. 1.3 GHz/10 kW SSAs from Bruker at ELBE/Rossendorf, 500 MHz SSAs
for LNLS and Sesame designed by SOLEIL, etc.

2 RF solid state amplifier

In Fig. 5 is shown an RF SSA with its main components. The RF power from the drive amplifier system
is split (2) and distributed to n amplifier modules (1) the outputs of which are recombined (3) and
coupled to the RF waveguide feeder. A power converter system (4) supplies the amplifier modules with
DC power. Components (1) to (4) are described in detail below.
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1

n x RF modules
e.g.256 x 600 W

2 || Splitter by n

3
Power combiner x n
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Fig. 5: Main components of an RF SSA. The example shown is an ESRF 352.2 MHz—-150 kW amplifier
2.1 RF amplifier module

2.1.1 Transistor

Thanks to the latest developments in high power transistors such as the laterally diffused metal oxide
semiconductor field effect transistor (LDMOS FET) and, in particular, the latest sixth generation devices
with 50 V drain polarization, it is now possible to generate several 100 W up to 1 kW in CW with a
single RF module, for frequencies up to about 1 GHz. Such transistors are, for instance, manufactured
by NXP (Eindhoven/Netherlands) and Freescale semiconductor Inc. (Austin Texas/USA).

Drain 1 Drain 2

nRs

aate 1 ) Common

e Source

Fig. 6: Pair of push-pull transistors
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Fig. 7: Schematic of MOSFET operation modes. (a) Class A; (b) class B; (c) class B with two transistors in push-
pull. In (a, b) drain-source current /g is given as a function of gate-source voltage Vs on the left sides and as a
function of the drain-source voltage Vs on the right sides of the figures; In (c) drain-source currents /451 and Zgs> of
both push-pull transistors are given as function of gate source voltages Vg1 and Vs, on the left and right sides of
the graphs, respectively, and as a function of the respective drain-source voltages Vi1 and Vs with Ve and Vi
as a parameters in the centre of the graph. The red lines are the working lines of the load resistance Ry.

The ELTA/SOLEIL SSA implemented at ESRF uses the BLF 578 transistor from NXP in Fig. 6,
which in fact contains two push-pull transistors with a common source, which are operated in class AB.
As explained schematically in Fig. 7, this allows optimizing the DC to RF conversion efficiency while
keeping the distortion and thereby the harmonic content low: the odd characteristic Jas(—Vs) = —Las(Ves)
minimizes the second harmonic H2 and higher even harmonics. As shown in Fig. 7, the working point
for an amplifier in class A gives a good linearity as the complete input sine wave Vi, is folded on the
working line —1/R.. But in class A the amplifier always consumes power, even without RF power. At
best, the efficiency can approach 50% at full output power. In class B, the amplifier only consumes
power when it is driven by RF. This provides a much better efficiency, approaching 78.5% for an ideal
transistor. However, only one half of a sine wave is amplified and the signal must be filtered by a
narrowband resonator in order to recover the RF signal: it is still polluted by a high harmonic content.
Operating two transistors in push-pull in class B allows high efficiency to be maintained, and strongly
reducing at least the even harmonics. In fact, the RF modules of the high power SSAs described in this
paper are operated in push-pull in class AB with a slight gate bias to further linearize the amplifier
characteristics and thereby minimize the harmonic distortions.

2.1.2 RF circuit

As shown in Fig. 8, the RF modules are fed with the unbalanced (unsymmetrical) RF signal from an
incoming coaxial cable, which is transformed by a balun circuit into two RF signals that are 180° out of
phase and drive the pair of transistors. The matching circuit, together with the bias circuit, determine
the class AB working point to reach about 1 dB gain compression and a maximum efficiency of about
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68—70% at a nominal output RF power of 650 W for the module shown in Fig. 8(c). Each RF module is
protected by a circulator with a 1200 W load against reverse power, and can therefore withstand
operating with full reflection. The small amount of power leaking backwards through the circulator
slightly affects the gain; however, the impact is negligible when operating the device under normal
conditions with up to 30% power reflection. The seven ESRF SSAs have been designed such that no
power circulator is needed at an output of 150 kW after combining all of the RF modules.

v

Vv
Circulator t
{D Input Matching Matching [ Output
balun circuit circuit balun
Bias -
circuits \
t

1200 W

Load pr—

input balun

output balun ~

(d)

Fig. 8: RF circuit. (a) Schematic of the RF circuit comprising input and output balun transformers, matching
circuits, a DC bias circuit, and a circulator with a 1200 W load to protect each transistor individually against
excessive reverse power. (b) Input balun for the transformation of the unbalanced signal from the coaxial input
into a balanced push-pull signal that drives the pair of push-pull transistors. (¢) A 650 W ELTA/SOLEIL RF
module as installed at ESRF. (d) Water-cooled plate supporting 16 RF modules on the rear side and 32 of the 280
Vbc/50 Vpe converter units (two per RF module) on the front side to feed each module with up to 1.2 kW DC
power.

Each RF module is integrated in an individual shielded case. Sensors monitor the temperatures of
the transistor socket and the load. The drain current of each pair of transistors is also monitored. These
parameters allow the identification of damaged modules during operation.

Note that the input and output balun transformers in Fig. 8(c) are built with hand-soldered coaxial
lines.

For the SSA under development at ESRF the fully planar 700 W RF module in Fig. 9 has been
designed, and a series of these has been produced to equip a 75 kW prototype SSA. Hand soldering has
been almost completely avoided by implementing a planar balun concept from Motorola, by replacing
the RF drain chokes with planar quarter-wave transmission lines and minimizing the number of
components, all of them surface-mounted devices (SMD) and prone for automated manufacturing. All
of these measures allow cost-effective series production of the RF modules.
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Motorola patent

balanced

(a) (b)
Fig. 9: Development of a fully planar 700 W RF module at ESRF suited for cost-effective mass production.
(a) Planar balun patented by Motorola; (b) fully planar ESRF module, efficiency 66% and gain 19.5 dB at 700 W
output power.

The parameters given in the caption for Fig. 9(b) are averages measured over the first series of 66
RF modules fabricated with automated SMD techniques. With a gain dispersion of 19.8 £ 0.6 dB and a
phase dispersion of +6°, a good combining efficiency is expected. Many factors contribute to these
dispersions, such as the transistor dispersion and other components’ parameters, as well as geometrical
tolerances. The latter, however, are minimized by the automated pick-and-place technique. Apart from
the gate bias, no other parameter has been tweaked.

There is still room for improvement in the achievable efficiency, which is still lower by 3% as
compared to the ELTA/SOLEIL RF module. R&D is ongoing in the frame of a collaboration between
ESRF and Uppsala University for the optimization of the circuit board.

Note that, as shown in Fig. 5, a few RF amplifier modules are required to amplify the low-level
input RF power before splitting it again and distributing it to the inputs of all of the RF amplifier
modules. In the ELTA/SOLEIL design, one pre-amplifier feeds four RF modules, each of which then
feeds 64 RF power modules.

2.2  Power splitters

Power splitters are key components, designed to distribute the RF power from the drive amplifiers to
the individual RF modules with minimum amplitude and phase dispersion. At 352 MHz a matched
splitter distributing the drive power without reflections can be built as shown in Fig. 10. Each quarter-
wavelength line transforms the 50 Q at its output to Z%/(50 Q) = n x 50 Q as seen from its input. The
parallel connection of these # lines is thus matched to the 50 Q of the incoming line.

50Q
50Q
n x splitter: 4 S
Length = /4 50 O
Z=\nx50Q
(a) (b)

Fig. 10: Matched RF stripline splitters for n outputs using quarter-wavelength (1/4) transformers. (a) Schematic
representation; (b) SOLEIL 10 and 8 line splitters (lids removed) [1, 2].

The Wilkinson splitter in Fig. 11 works in the same manner as the simple quarter-wavelength

splitter shown in Fig 10. The additional 50 €2 resistors are not seen by the incoming split signals as they
have the same amplitude and phase (common mode). However, differential signals are absorbed by
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these loads, thereby decoupling the outgoing arms from each other. With a Wilkinson splitter, the
connected amplifier inputs are therefore decoupled. Such Wilkinson splitters are implemented in the
SSA in development at ESRF.

50 Q2

3 x splitter: Z

Length = L./4
Z=3V3x50Q

(a) (b)
Fig. 11: Wilkinson splitters: resistors absorb differential signals without perturbing the common mode, thereby
decoupling the connected outputs from each other. (a) Schematic representation; (b) implementation on the SSA
under development at ESRF.

2.3 Power combiner

SSAs are often built with several stages of power combiners that use quarter-wavelength transformers
like the splitters shown in Fig. 10, except that they are operated in reverse and that the striplines are
replaced with transmission lines that are adapted to higher power levels, mostly larger coaxial lines. As
for the power splitters, the quarter-wavelength transformers guarantee that the combiner tree is matched
in impedance to the connected high power output, provided that all of the inputs are at 50 QQ, which is
the case thanks to the circulator/load system at the output of each RF amplifier module. However, as the
combiners are non-directional, each individual amplifier does not at all see a matched impedance.

2.3.1 General considerations on power combiners

Before entering into the technology, let us first address some general characteristics of such power
combiners. We consider a power combiner with 7 inputs in a single stage. One can easily derive the S-
parameter matrix, which has the following general form:

(5] [@-n)/n 1/n 1/n l/n Yin| [ a ]
b, 1/n (1-n)/n 1/n l/n Yin| | a
bo| | in Yn  A-mfn .. Un Yn| | @

b l/n l/n l/n (1—-;:)/;4 1/\); a
byl | Yn Ydm Yn o Ym0 | @]

; (M

where
ai... a, are the incident wave amplitudes at the input arms (coming from the amplifier modules);
bi... b, are the reverse wave amplitudes at the input arms (coming back to the amplifier modules);
b.+1 18 the wave amplitude leaving the output arm of the combiner;
an+1 18 the reverse wave amplitude incident on the output arm (e.g. the reflection from the cavity).

Note that wave amplitudes a;, b; are measured in VI and are generally complex, their arguments
representing the respective phase of the wave at port i:
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* is the power of the wave incident on port i, where a; = |a;| €%, and @; is the phase of the incident
wave i;

|b:* is the power of the wave coming from port i, where b; = |b] ¢?”, and @'; is the phase of the reverse

wave i.

The different terms in the S-matrix are also generally complex, their arguments depending on the

exact geometry of the combiner. However, pertaining to the necessary symmetry of a single stage power
combiner, all of the S-parameters (1 — n)/n have the same arguments, as do all of 1/n and all of 1/Vn.
The phases of the (1 — n)/n and the 1/n are 180° apart. But the conclusions given below hold even if we
neglect the additional phase terms.

a)

b)

c)

d)

Each connected RF module sees individually a strong mismatch with a reflection coefficient
(1 — n)/n that approaches —1 for a large n, corresponding to nearly full reflection.

The individual inputs for the amplifier modules are coupled to each other with a coefficient 1/n
showing that this kind of combiner has no directivity at all.

However, when all of the input waves are equal in amplitude and phase, say with an amplitude ay,
their signals interfere perfectly well in the following way.

i) Foranyij<n,
ai=ao=>bj=a;(1 —n)/n+Z[am< (I/n)]=[(1 —n)n+(n—1)x1/n]lay=0, 2)
meaning that any of the RF amplifier modules operates in matched condition without any

reflection. The strong reflection of its own signal is exactly compensated by the sum of the
signals coupled from all other amplifier modules that have the opposite phase,

i) Burs =3 [aica (1NR)] = [n/n] a0 = |buni2 = n |ao?, (3)

meaning that, neglecting imperfections, the power from all n inputs combines to 100% in the
output arm of the combiner, as expected.

So, the power adds up correctly at the output of a combiner only by constructive interference, i.e. if
and only if the signals at their inputs have the same amplitude and phase. Any differential mode
power is distributed as reverse power to the individual input arms, i.e. to the output stages of the RF
amplifier modules, where it is absorbed by the circulator loads. So, good control of a flat amplitude
and phase distribution are crucial for obtaining a good combining efficiency.

If just one RF amplifier on arm i is switched off, it will receive the reverse power coupled from all
of the other arms without compensation by its own reflection:

bi=Z [ajzi<n (1/n)] =[(n — 1)/n] ao, 4)

which approaches ao for a large n. The consequences are as follows.

1)  When one RF module is not providing power to the combiner, it receives from all the other
modules a reverse power that is equivalent to the power of one module.

i1) When one RF module is not providing any power to the combiner, the output power is lacking
the equivalent power from two modules: the power from the missing module plus the power
absorbed in the circulator load of the missing module.

iii) When the SSA output is working on a mismatch with a reflection coefficient » = |r| &, the
reverse wave of amplitude a,+1 = r b,+1 couples back to each module, including the unpowered
RF module, as much as

an/Nn =1 byi/\Nn = r (nx ao/ i)/ Vi = r ay . (5)
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In total, an unpowered amplifier module on an arm i will see reverse power corresponding to
the following reverse wave amplitude:

bi=[(n—Din+rla=[1+r|&?]ao= |bf* =1 + || €2 |ao], (6)
with the worst case
0 =0= b = (1+|r])* |aof* . (7)

For full reflection || = 1, a non-powered RF module can therefore see reverse power as high as
four times the nominal power of one module.

For the ELTA SSA, ESRF had specified a maximum reflection of one third of the incident
power. Given the nominal module power of 630 W, this means that in the worst case as much
power as

Preverse™ = |bi2 = (1 + 1/3)2 x 630 W = 1570 W (8)

can come back to the circulator and then into the load of an unpowered RF module. Such values
were indeed measured on the real SSA shown in Fig. 3. The way to avoid overloading the
1200 W circulator loads of the RF modules is described in Section 2.3.2.

2.3.2 Coaxial combiner

In most of the existing high power SSAs the power from the individual RF amplifier modules is
combined by means of several stages of cascaded coaxial combiners. The SOLEIL SSAs and the
150 kW SSAs in operation at ESRF are literally built around coaxial combiner trees that become
amplifier ‘towers’ in the final assembly. As shown in Fig. 3, the power from two such 75 kW towers is
further combined to feed up to 150 kW into an outgoing WR2300 waveguide. The size of the coaxial
combiners depends on the power level as, for example, shown in Fig. 3:

—  first stage: 630 W x 8 by means of EIA? 1 5/8" coaxial combiners yielding 5 kW;
— second stage: 5 kW X 8 by means of EIA 6 1/8” coaxial combiners yielding 40 kW;
— third stage: 40 kW x 2 by means of EIA 6 1/8"” coaxial combiners yielding 80 kW;

— fourth stage: 80 kW x 2 by means of an EIA 93/16" coaxial combiner yielding 160 kW
(maximum power, the nominal value being 150 kW).

Dimensioning of the circulator loads and fine tuning of the coaxial combiner

Initially, the circulator loads of the 150 kW SSAs for ESRF were dimensioned so as to withstand full
module power up to 650 W maximum in full reflection at any phase. This was met by selecting a
corresponding circulator and an 800 W load. The SSAs were also tested successfully at full power with
up to 30% power reflection at any phase. The SSAs had furthermore been designed with sufficient power
reserve to benefit from the intrinsic redundancy of many combined RF amplifier modules, and full
output power could easily be fed into a matched load with up to six missing RF modules! However,
when testing the first SSA at full power with 30% reflection and some of the modules switched off, the
output circuits and the loads of the unpowered RF modules were damaged, while the phase of the
mismatch was varied. In fact, operating conditions as described in Egs. (6—8) lead to an overloading of
the circulator loads of the non-powered RF modules. As much as 1500-1700 W was measured
depending on the location in the combiner, confirming experimentally the 1570 W predicted in Eq. (8).

Fortunately, the coaxial combiner in the 150 kW ESRF SSA has multiple stages. Its S-parameter
matrix does not have the exact symmetry of the single-stage combiner in Eq. (1). When all n of the RF
modules feed the combiner with equal amplitudes and phases, their power still combines perfectly into

2 EIA: US American Electronic Industries Alliance standard
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the output port n + 1. Depending on the length of the output arms of the combiners, for instance in the
first stage as shown in Fig. 12, the reverse power coming to an RF module from its seven immediate
neighbouring RF modules interferes more or less constructively or destructively with the power coming
from the other RF modules [8]. The tests had revealed that this interference was close to maximum when
the load was burnt. As suggested by the experts from SOLEIL [8] and shown in Fig. 12, this interference
could be made destructive by inserting 170 mm long delay lines at all of the outputs of all of the first
combiner stages. The measurements shown in Fig. 12(b) show that the load power of a switched-off
module then remained below 1200 W when operating the SSA at the specified maximum mismatch and
varying the phase of the reflected wave. To complement the modification shown in Fig. 12, the 800 W
circulator loads were replaced with 1200 W loads, as already shown in Fig. 8.

Circulator load power for 1 module OFF
and SWR =3.7
1200
= 1000 //—\\
o 800
2 i 4 iy
.g' 400 / \
8 200 0. ® / g
4 3 \0/ : . ; ; ;
0 45 90 135 180 225 270 315 360
Phase of reflected wave [deg]
(a) (b)

Fig. 12: Minimization of the circulator load power of a switched-off RF module when the 150 kW SSA operates
on a mismatch corresponding to 30% power reflection. (a) Insertion of a 170 mm delay line at the output of the
first combiner stage; (b) measured load power is reduced from maximum 1700 W down to 1200 W.

The modifications described above were implemented for the three SSAs that are operated in
continuous wave (CW) on the ESRF storage ring. This was not necessary for the ESRF booster, which
is run in pulsed mode and where the relevant average load power remains well below 800 W.

2.3.3 Cavity combiner developed at ESRF

A compact single-stage cavity combiner is under development at ESRF. As shown in Fig. 13, its Eoo
resonance has a homogeneous azimuthal and longitudinal field distribution. For the 352.2 MHz ESRF
application, the outer cylindrical wall is equipped with six vertical rows of 22 input loops distributed
around the circumference. In total 132 transistor modules like that shown in Fig. 9, delivering up to
700 W each, will be connected to these coupling loops. The total output power is expected to be between
80 kW and 90 kW.

The coupling fmedaue must be the same for all of the input loops. It is easily adjusted by means of
the loop size (typically a few square centimetres). The coupling of the output waveguide fuaveguide 1S
mainly determined by the size of the capacitive disc that couples to the electrical field of the Eogio
resonance. To obtain matched conditions and an optimum combining efficiency for a number n of RF
modules, the coupling factors must be set according to:

ﬂWﬁV@gUide ~nXx ,Bmodule >>1 . (9)
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(a) (b)
Fig. 13: Strongly loaded Eoio resonance of a cylindrical resonator to combine the power from 132 RF modules in a
single stage. (a) H field: homogeneous magnetic coupling to 132 input loops on the cylindrical wall; (b) E field:

strong adjustable capacitive coupling to the output waveguide.

As shown in Fig. 13 and implemented on the ESRF prototype in Fig. 14, the piston attached to
the top of the waveguide can be moved up and down, and the back short-circuit plane can be moved
back and forth. This allows adjustment of the coupling factor Sumodule in a range of about 1:3 and thereby
matching the SSA for a variable number of connected modules. The nominal power of the SSA can
therefore be easily adapted to changing operating conditions by simply removing a number of RF
modules and re-adapting the waveguide coupling accordingly.

Figure 14 shows the prototype ESRF amplifier with cavity combiner. The water-cooled ‘wings’
that support six RF modules each constitute a section of the cavity wall with built-on coupling loops.
The RF modules are hence directly flanged to the combiner and there is no need for coaxial RF power
cables. The RF splitters for the distribution of the RF drive power as well as the DC power distribution
are fixed onto the rear sides of the wings. The prototype in Fig. 14 with only three active wings and 19
blind flanges delivered as much as 12.4 kW of RF power with a DC-to-RF conversion efficiency of

63%.

(a) (b) (c)
Fig. 14: Prototype with three wings and a total of 18 700 W RF modules, successfully tested at 12.4 kW with a
DC-to-RF efficiency of 63%. (a) Cavity combiner with WR2300 output waveguide; (b) direct coupling of RF

modules; (c) water-cooled wing with six RF amplifier modules.
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The extension of the prototype with a total of 22 active wings is close to completion and will be
ready for power tests in 2015. The achievable output power is estimated to be between 80 kW and
90 kW, which is even slightly above the power obtained from one ELTA/SOLEIL coaxial tower. At the
same time, the cavity combiner is more compact by far than an equivalent coaxial combiner.

2.4 Power supply

As shown in Fig. 8 the ELTA/SOLEIL SSAs are equipped with two 280 Vpc-to-50 Vpc converters per
RF module. Each of the three 150 kW SSAs in operation on the ESRF storage ring is fed with one
300 kW/400 V ac-t0-280 Vpc converter, which was developed by the ESRF Power Supply Group. As
may be seen in Fig. 15, a 280 Vpc-to-RF conversion efficiency of 57% is obtained at 150 kW output
power. Beyond nominal power, the efficiency approaches 60%.

—DC power consumption [kW] —Efficiency % —Differential efficiency [%]
350.0 100.0
~90 %!
al 90.0
300.0 Nairr = AP /dP
-~ 80.0
= 2500 70.0
s
= -
$ 2000 - 0e &
g z
5. ~ 50.0 ‘g
2 150.0 &
2 400 &
a
100.0 300
20.0
50.0
10.0
0.0 ~ 0.0
0 50 100 150 200
RF output power [kW]

Fig. 15: DC-to-RF efficiency and required DC power as a function of the output RF power of the ELTA/SOLEIL
SSA implemented at ESRF.

It is worth noting that the efficiency drops fast when operating the amplifier at reduced power,
and is only about 47% at 100 kW, i.e. at % of the nominal power. Note also that in the upper range 100—
150 kW, the differential efficiency is about 90%, meaning that, with 1 kW of additional DC power, one
obtains as much as 0.9 kW of additional RF power. In other words: in order to make good use of the
electrical power, it is important to correctly dimension the RF system and operate the SSAs close to
their nominal power. Unfortunately, when designing an RF system, it is generally common practice to
slightly over-dimension the available power in order to be able to overcome unforeseen transmission
losses and to be prepared for possible power upgrades of the accelerator.

A nice feature of the cavity combiner described in section 2.3.3 is that one can at any time remove
a number of RF modules and easily re-adapt the output coupling. This way it is easy to bring down the
nominal power of an over-dimensioned SSA close to required operation level and recover a good overall
efficiency. Reference [9] describes another method for recovering good efficiency at reduced power by
modulating the drain voltage of the transistors. However, it is important to check the stability of the
amplifier modules over the entire range of the drain bias.

Four 150 kW SSAs feed the accelerating RF cavities of the ESRF booster. Currently, a system of
resonant AC and DC power supplies feed the booster magnets with a 10 Hz sine wave. The dipole
magnet currents determine the modulation of particle energy E in the booster, as shown in Fig. 16. The
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RF voltage Vi, performs the bunching of the beam injected from the linac at 200 MeV and accelerates
it to 6 GeV where it is extracted to the storage ring. In this process, the largest portion of RF voltage is
needed to compensate for the synchrotron radiation losses that scale with E* and lead to the red curve
for the total accelerating voltage Vi in Fig. 16. The total DC power Py« absorbed by the SSAs to
produce the RF power Py needed to obtain this voltage is oscillating at 10 Hz between about 100 kW
and 1000 kW. An anti-flicker capacitor bank of 3.2 F has been installed to prevent this power fluctuation
being transmitted to the mains. The residual flicker thus remains well below the legal limit of 0.29%. A
good side effect is that an AC power of maximum 400 kW, slightly above the average DC power Pqc-
aver 0 Fig. 16, is drawn from the mains. This constitutes a reduction of nearly a factor 3 in power
consumption with respect to the previous klystron transmitter, for which a 10 Hz filtering was not
possible at 80 kV supply voltage. The klystron was operated with input RF modulation and constant
beam power, most of this power being absorbed in the klystron collector.

10 Hz Sine Waveform

8.00

- 7.00

- 6.00 =
5.00 g ——Prf [kW]

- 4.00 % ——Pdc-tot
3.00 % Pdc-aver

- 2.00 = "

L 1.00 E [GeV]
0.00 —Vtot [MV]

0.15
Time [s]

Fig. 16: Pulsed RF for the ESRF booster

For the SSA with the cavity combiner under development at ESRF, the RF modules will be fed
from 22 power converters, one per wing, with a direct conversion from 400 Vac to 50 Vpc. They will
be installed close to the SSA in order not to carry the high currents over longer distances.

2.5 Specification

Having addressed the main ingredients of a high power RF SSA, typical performance data are now
reviewed, however not exhaustively, based on the 352.2 MHz—150 kW SSAs delivered by ELTA to
ESRF.

—  The specified 280 Vpc-to-RF conversion efficiency was easily met:
V' 1>57% at Poom = 150 kW (specified: 17> 55%);
v n>47% at % Prom = 100 kW (specified: 17> 45%).

—  Gain compression <1 dB at Pyom = 150 kW.

o Figure 17 shows the typical gain curve of one 150 kW SSA at ESRF. The P1 point, at
which the gain compression reaches 1 dB, has been set above the nominal output power
to limit distortion and safeguard the transistor against drain over-voltage. The P1 point is
adjusted by means of the load resistance Ry in Fig. 7.

— Avoid overdrive conditions.

o High peak drain voltage can damage the transistor. It is thus crucial to implement an
overdrive protection interlock.

—  Short pulses (20 us).
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o RF cavities and their power couplers need to be slowly conditioned to high RF power,
starting with cycles of 20 ps short pulses, then increasing the pulse length up to CW
operation.

o Up to 1.3 dB transient gain increase has been measured in pulsed operation, which bears
a risk of overdrive. The overdrive protection therefore needs to be adjusted carefully.

Requested redundancy for reliable operation.

o All of the points from the specification in terms of power and operating conditions are
achieved with up to 2.5% missing RF modules, i.e. with up to six RF modules in fault.
As never more than one or two modules fail at the same time, the SSA never stops for
output module failures. One can wait until the next programmed maintenance shutdown
to exchange faulty modules.

o The requested redundancy requires some power margin that is paid for with a slightly
lower efficiency than that which is ultimately achievable. The power margin thus needs
to be dimensioned carefully.

o Note that if one of the RF power modules used in the drive chain fails, the output power
can no longer be maintained and the SSA may trip the accelerator.

Harmonics:
v H2<-36dBc (36 dB below carrier at 704.4 MHz);
v H3<-50dBc (50 dB below carrier at 1056.6 MHz).

Spurious sidebands/phase noise:
v Sidebands < —68 dBc at 400 kHz (DC/DC converter switching, harmless).

v’ A substantial improvement as compared with —50 dBc for klystrons from voltage ripples
of the HV power supplies at 600 Hz, 900 Hz, 1200 Hz, etc., which are, moreover, much
closer to the synchrotron frequency at which the stored beam is extremely sensitive.

Operation on mismatched load:

v' 150 kW output power with Y4, i.e. 50 kW, reflection at any phase,

v' 80 kW output power with 100% reflection at any phase,

v' 150 kW output power with 100% reflection at any phase for a duration of up to 20 us.

o Note that for high power reflections, due to the limited isolation of the circulators of the
RF modules, the residual reverse power reaching the transistor output circuit provokes a
gain modulation. Also, the power combiner itself contributes to some gain modulation in
the presence of high reflected power. As a result, the specified output power cannot be
reached for some phase values of the mismatch, due to the overdrive limitation.

Reliability:

v Not more than 0.7% of the installed RF power modules, including their individual DC/DC
converters, are allowed to fail within one year.

o With seven 150 kW SSAs gradually commissioned at ESRF between early 2012 and the
end of 2013, not including early failures with less than 1000 hours of operation
(debugging), the failure rate is in the range of the specified 0.7% per year. However, the
cumulated operating time is still too low to give a statistically sound statement.
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Fig. 17: Gain and efficiency of an ESRF 352.2 MHz-150 kW SSA delivered by ELTA

2.6 Transient reflections for pulsed cavity conditioning

For the RF conditioning of accelerating cavities they are fed with short RF pulses. The physical
explanation for the transient wave amplitudes in Fig. 18(a) is straightforward:

the leading edge of the incoming RF pulse sees the cavity as a short circuit and is reflected
with a factor of —1;

after the filling time of the cavity (7r= Qo/(nfir (1 + £)) = 6.1 us), the reflection coefficient
approaches the steady-state value = (8- 1)/(f + 1)=0.58;

the negative falling edge of the incoming pulse again sees a short with » = —1 and gives rise
to a positive transient reflection of amplitude 1 that adds to the 0.53 amplitude of the almost
steady reflection: the total transient reflection therefore peaks at more than 1.5 times the
incoming pulse amplitude, corresponding to more than twice the input power;

after the cavity filling time of 6.1 s, the reflected pulse vanishes;

The measurement of the incident and reflected power transients shown in Fig. 18(b) confirms
this behaviour: the scope traces correspond to the squared amplitude plots shown Fig. 18(a).

LeCroy!
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Computation: amplitude
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5 4| B= 3.8 / wave |
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° T L ————— | .
205 ;
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0.5 reflection signal
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Fig. 18: Transient reflections when conditioning an accelerating cavity with short RF pulses. (a) Calculated
transient wave amplitudes; (b) measured transient wave power.
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The SSAs are protected against reflections exceeding the specified 50 kW as noted above.
However, for a duration below 20 us a reverse power of 150 kW is acceptable. Therefore, in order not
to trip the SSAs for pulsed cavity conditioning, the signal triggering the 50 kW interlock was filtered as
shown in the red curve in Fig. 18(a). This interlock then only triggers for power exceeding the maximum
cavity conditioning power of 80 kW. The SSA is still protected by a second unfiltered fast interlock that
triggers if the reflected power transient exceeds 150 kW. Taking into account the power reflection on
the falling edge of the pulse, this interlock will trigger if the incident power exceeds the 80 kW needed
for cavity conditioning.

3 Conclusions — a short comparison between klystrons and solid state amplifiers

To conclude this paper the pros (+) and cons (—) of implementing high power RF solid state amplifiers
as an alternative to klystrons are tentatively addressed.

+ SSAs do not need a high voltage power supply (50 V instead of 100 kV):

+ consequently there is no need for X-ray shielding;
+ 20 dB less phase noise.

+ High modularity/redundancy providing a high reliability in operation:
o the SSA is still fully operational if a few RF modules fail, except if a driver module fails.
— More space required per kW for a SSA than for a klystron:

o however, thanks to the modularity, it is easier to precisely match the power of an SSA to
the requirements;

o the cavity combiner provides a substantial size reduction when compared to a coaxial
combiner tree.

e Durability and obsolescence.

o Klystrons: there is no problem with klystrons and tubes in general for as long as a
particular model is still manufactured. But it can become very problematic in the event of
obsolescence, as the development costs for new tubes are too high for medium-sized labs.

o SSAs: transistors generally have a shorter product lifetime. However, there will always be
comparable or even better transistors on the market. Nevertheless, operating SSAs
commits the user to carefully follow the transistor market and react quickly enough to
develop RF modules with new transistors that fit into the existing SSAs.

+ Easy maintenance of SSAs if sufficient spare parts are available.
e Investment costs:
— SSAs have still a higher price per kW than comparable tube solutions.

+ But SSA technology is progressing. A significant cost reduction is for instance expected
from the possible mass production of fully planar RF modules as the ones developed at
ESRF (see Section 2.1.2). Also the use of compact cavity combiners will reduce the
fabrication costs as compared to building up large coaxial combiner trees.

+ Prices for SSA components should sink while prices for klystrons have strongly increased
over the last decades.

+ Low cost of possession:
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o With about 0.7% RF modules failing per year and relatively easy and inexpensive
repair, the possession costs of SSAs are in principle very low and, in any case,
substantially lower than for klystron transmitters, due to the high cost of spare
klystrons.

e SSA and klystrons have comparable power efficiencies. However, this must be analysed case
by case.

+ For the ESRF booster’s pulsed RF system, for instance, a reduction of the power
consumption by a factor of almost 3 was obtained, thanks to possible capacitive filtering
of the DC supply voltage.

This list of arguments is far from being exhaustive. The question of the best selection of
technology to provide high RF power for accelerator projects is a standing item on the agenda of RF
workshops and conferences. Yet, more and more labs are considering SSAs as an adequate solution for
their RF needs. For the moment, I would state that for multi-megawatt applications, klystrons remain
advantageous. However, for accelerator applications of several hundreds of kilowatts, in particular for
medium-sized projects with limited human resources, solid state amplifiers will become more and more
attractive.
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Long Pulse Modulators

H-J. Eckoldt
DESY, Hamburg, Germany

Abstract

Long pulse modulators are used to produce high-voltage, high-power pulses
with durations of several hundred microseconds up to some milliseconds.
The loads are one or more klystrons for producing RF power to accelerate
the particle beam in superconducting cavities. After years of development
and improvements in different institutes a variety of topologies exist, and are
presented. The basics of modulators, pulse requirements and klystrons are
explained. Additionally, the charging of internal energy storage will be
addressed. The outlook for future developments is given.

Keywords
Modulator; long pulse modulator; klystron modulator; klystron supply;
pulsed power; high-power pulses; RF-station.

1 Introduction

The development of long pulse modulators started in the early 1990s in combination with the
development of superconducting cavities for accelerating particles. The design aim at that time was a
linear accelerator called TESLA, which would have had a length of approximately 30 km. Although
this accelerator was not built, the superconducting technology for cavities is being implemented in the
European X-ray Free-Electron Laser Facility (XFEL) that is currently under construction in Hamburg.

Operating such an accelerator in continuous mode would form a large heat load for the
cryogenics. The operating cost would be extremely high. Therefore these cavities are operated in
pulsed mode with a duty factor of approximately 1.5%. As a consequence the high voltage supply to
the klystron is pulsed for the duration of the RF that is required.

Long pulse modulators produce pulsed high voltage with a pulse length of a few 100 ps to some
milliseconds. Fermilab National Accelerator Laboratory (Fermilab) [1] developed the first modulators
of this type, which were later operated at DESY (Fig. 1). Here, further improvements and technology
transfer to manufacturers were carried out.

In the following the basics of the RF station with the main components, basic specifications of
the pulse and different types of modulators will be explained, including examples of modulators that
have been built and operated in different laboratories. Finally, the outlook for future developments
will be given.

2 XFEL RF station

The modulator is part of an RF station. Figure 2 shows the topology of the RF station at XFEL [2].
The unit producing the pulsed power is called a modulator. The high-voltage power supply (HVPS)
takes electrical power from the grid and stores energy in order not to disturb the grid. By means of the
pulse-forming unit high-voltage pulses are generated at a voltage level of 10 kV. A pulse transformer
transforms the pulses to 120 kV. This is the voltage that is required by the klystron in which RF power
is produced. Waveguides transport the RF to the superconducting cavities.
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Fig. 1: Bouncer modulator developed at FNAL
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: : | RF

Fig. 2: Typical RF station as used in XFEL

2.1 Klystron

The klystron is a vacuum tube in which RF power is generated. A low-power RF signal is amplified
and high-power RF is provided. A klystron is operated at high voltages, for example the nominal
XFEL klystron voltage is 115 kV. At this working point, it can generate 10 MW RF at 1.3 GHz for
1.34 ms, which is 200 us less than the modulator pulse. For the modulator the klystron is a load with
the following relation between current and klystron voltage:

[=uPxU/2 (1)

where [ is klystron current, U is klystron voltage and pP is pPerveance.
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The pPerveance is a parameter of the klystron. It is determined by the geometry and is constant
for each klystron. The characteristic curves of the klystron represented by Eq. (1) are given in Figs. 3
and 4. These are the klystron current as a function of voltage (Fig.3) and the resistance at the
operating point as a function of voltage (Fig. 4).
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Fig. 4: Equivalent resistance as_f{ Uiystron)
For simulation and calculation of the modulator behaviour it is possible to use a simple resistor

with series diode. To enhance simulations in a wide range of operation, the resistance has to vary
according to the characteristic curve.

The beam power of the klystron is approximately
Pocam = WP X U2 2)
and RF power is

Prr = NPBeam €))

where 1 is the efficiency of the klystron.
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2.2 Electrical data for the XFEL Thales TH801 multibeam klystron

Figure 5 shows the Thales TH801 multibeam klystron used in the XFEL, and electrical data are given
in Table 1.

Fig. 5: Thales TH801 multibeam klystrom

Table 1: Electrical data for the Thales TH801 multibeam klystron

Parameter Value

Cathode voltage 117 kV

Beam current 131 A
pPerveance 3.27

Electrical resistance 893 Qat117kV
Maximum RF peak power 10 MW
Electrical power 15.33 MW
Electrical pulse duration 1.54 ms (1.7 ms max)
RF pulse duration 1.34 ms
Repetition rate 10 Hz
Efficiency 65%

RF average power 150 kW
Average electrical power 280 kW

2.3 Klystron arcing

During operation arcs inside the klystron may occasionally occur. The HV collapses to the burning
voltage of the arc and the short-circuit current increases. When an arc occurs the modulator has to
detect it, interrupt the energy supply to the klystron and dissipate all energy stored in the current path
to the klystron, in chokes, capacitors or even long cables, for example. Only 10 J to 20 J are allowed to
be deposited in the klystron. More would damage the surface, leading to a derating or even damage to
the entire klystron.

The equivalent circuit for an arcing klystron is a series combination of a voltage source of
100 V and a resistor. The 100 V corresponds to the burning voltage of the arc. Actually, no real
measurements are available. In the literature, values of arc voltages are between 30 V to 100 V. To be
on the safe side, for protection of the klystron, the conservative value was taken. The resistor
represents a current-dependent component. The resistance is assumed to be 100 m€Q.

The equivalent circuit for the entire klystron is shown in Fig. 6. It represents the characteristic
resistance given in Fig. 4 and the arc-model circuit. The following simulations are based on this
equivalent circuit. During normal operation only the characteristic curve is valid, but it is important to
have the protective part for the fault in mind.
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Fig. 6: Simulation model of a klystron

3 Definition of the pulse

When talking about pulsed power a few definitions are given to describe the performance of
modulators and the pulse. These might differ at different laboratories.

Table 2: Pulsed power definitions

Term Definition

HV pulse At DESY the HV pulse duration is given from turn on
of the pulse-forming unit, other labs use an uptime of,
for example, 70% of the HV.

Rise time Time from the start up to the flat top. This is often
defined as 10% to 90% or 10% to 99%.
Flat top The time when the pulse is at the klystron’s operating

voltage. Variations, called ripple, lead to RF phase
shifts that have to be compensated for by the Low
Level RF system (LLRF). The flat top is defined as x%
or £x% of the voltage. At XFEL 0.3% pp was defined.

Fall time The time that the modulator voltage requires to drop
down.
Reverse voltage Also known as the undershoot, this is the

maximum allowed negative voltage, it is
approximately 20% of the klystron operating

voltage
Repetition rate Frequency of pulse repetition.
Pulse to pulse stability Value of the repeating value of the flat top.
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Figures 7 and 8 show the above-defined values.
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Fig. 8: Definition of flat top

4 Modulator basics

J. ECKOLDT

There are different modulator topologies. To understand the principle of modulators, in the following
sections a bouncer modulator will be built step-by-step and real examples will be given. For the
calculations the klystron data and the requirements for the XFEL are taken. The design pulse length

for the hardware was chosen to be 1.7 ms.

4.1 Direct switching

A modulator contains energy storage. From this storage the energy is supplied to the klystron. The
electrical component for storing energy is a capacitor. The simplest circuit for a modulator

corresponds to the schematic shown in Fig. 9.
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Fig. 9: Direct switching modulator

The voltage is 115 kV. As soon as switch S1 closes, a current flows in the klystron. The
klystron at this voltage is equivalent to a resistor of 900 Q, as shown in Fig. 4. During the pulse the
voltage at the capacitor decreases, with an exponential decay of the RC discharge curve.

The advantage of a direct-switching modulator is the small number of components; however,
the HV capacitor bank and the HV switch are problematic. There are very few suppliers of such a
switch. Additionally, the stored energy in the system is very high, as shown in the following
calculation.

Assuming the design values of the XFEL pulse (1.7 ms) with a flat top of 0.5%,

t
U = UO X e_E (4)

where Uy=115kV,R=900 Q and = 1.7 ms,

AU = 0.5% = 0.005 (5)
0.995 = e (6)
In(0.995) = —t/RC (7)
C = —t/(R x In(0.995) (8)
C =377 uF . ©)
For the stored energy of the capacitor,
Estored =5 X € X U? (10)
Estored = 3 X 377 UF X 115 kV? (11)
Estored = 2491.8K] . (12)

To calculate the pulse energy, the pulse is simplified to a rectangular waveform,

E

U2
pulserxlxtz?xt (13)
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115 kv
Epulse = 000 X 1.7 ms (14)

Epuise = 24.98 K] . (15)
The ratio between Epyise/ Esore 18 @ factor of 100. It is obvious that this solution will be much too

expensive for a series of modulators.

With reduced requirements this modulator type was realized for the ISIS front-end test
stand [3]. The direct-switching modulator was built by Diversified Technologies, Inc, USA (Fig. 10).

‘Capacitor Bank Modulator

7]

Switch
Cathode
Moauiator Vi
10 PPT Plates

110K 10 kv
*/] 204 ’;I 204
-

J’ ,L Main

Prime Cathode 20 kHz
Swilching Pewer Supples

M# Adjustment
Power Supply
30 kY 40 mA

Fig. 10: ISIS test stand modulator [3]

4.1.1 ISIS modulator specifications

Table 3 contains the specifications for the ISIS modulator.

Table 3: ISIS modulator specifications

Parameter Value

Cathode voltage -110kV
Cathode current 45 A

PRF 50 Hz

Beam pulse width 500 ps to 2.0 ms
Droop 5%

4.2 Modulator with pulse transformer

Since the design of a high-voltage switch is demanding, pulse transformer solutions were developed.
A schematic is shown in Fig. 11. The primary voltage may be chosen freely, since the transformer will
adapt to the required high voltage. For XFEL, 10 kV was chosen. Medium-voltage switches can be
built more easily by stacking semiconductors. The first FNAL modulator used gate turn-off thyristors
(GTOs), the next ones changed to insulated gate bi-polar transistors (IGBTs), and currently integrated
gate-commutated thyristors (IGCTs) are used. Components that are able to handle voltages up to
6.5 kV are currently on the market. The semiconductor switch can be built without oil, but the pulse
transformer has still to be under oil.
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Fig. 11: Modulator with pulse transformer

The disadvantages are the volume and weight of the transformer. The additional leakage
inductances increase the rise time, and even more energy is stored in the system, which has to be
dissipated in the event of an arc.

According to the equivalent circuit for a transformer (Fig. 12) several inductances can store
energy during the pulse. The stray inductances carry the main pulse current and short-circuit current of
up to 2000 A, whereby the main inductance is loaded by the applied voltage of 10 kV. The stored
energy is maximal at the end of the pulse.

Ls_prim Rprim Ls_sec Rsec

E,.IYY'\ .W : .!"YY\ \/VV\’E‘

®
LMain
% R_Fe

Fig. 12: Equivalent circuit for a transformer

Stored energy in the stray inductances are given by
E =IxLsxI 2 16
storedLs — 5 X LS X Lshort circuit (16)

where L for the XFEL transformer =200 pH,

Estored Ls = 5 X 200 pH X 2000 A2, (17)

Estoredrs =400/, (18)
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and the stored energy in the main inductance is given by

1
Egoream = PRl L X Imain” (19)

Lyain of the XFEL transformer = 5 H,

Uxt

Ivain == (20)
and U= 10 kV, ¢ =time of arc 0—1.7ms,
10 kKVX1.7
IMainmax =5—Hmsz3.4A, 1)
1
Eqtoredm =3 X SHX 3.4 A’=2897. (22)

In total, 428.9 J are stored in the transformer. The energy deposited in the klystron has to stay
below 20 J. Therefore, a pulse transformer demands the introduction of the possibility of discharging.
A simple circuit such as an RCD network as shown in Fig. 13 comprising Rvar, R8, C3 and a diode.
For energy dissipation the resistance of the secondary winding also has to be taken into account.
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6 17910hm +
“i2 100v
O
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Fig. 13: Modulator with pulse transformer with discharge network

Note that the introduction of the pulse transformer does not affect the calculation of the stored
energy inside the modulator. Only the voltage levels at the capacitor bank and the semiconductor have
changed.

4.3 Bouncer modulator

To decrease stored energy, the bouncer modulator was developed at Fermi Lab [1]. An LC ringing
circuit was introduced into the circuit as shown in Fig. 14. It compensates for the voltage droop at the
capacitor bank during the pulse; Kirchhoff’s law explains this behaviour. The sum of all voltages in a
circuit equals zero. The voltage at the input of the pulse transformer plus bouncer voltage is equal to
the capacitor voltage. If capacitor voltage and bouncer voltage now decrease by the same amount, the
transformer voltage stays constant, as shown in Figs. 15 and 16.
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Fig. 15: Voltage waveforms in a bouncer modulator. Red: voltage at the transformer; violet, capacitor bank
voltage; blue, bouncer cap voltage

Since the capacitor voltage droop is an exponential decay and the bouncer oscillates with a
cosine waveform, the voltages do not droop completely equally, leaving a ripple on the flat top as
shown in Fig. 16.

This ripple is adjustable by the dimensioning of the bouncer elements, the timing between the
main switch and bouncer switch and the voltage of the bouncer.
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Fig. 16: Voltage ripple at the flat top of a bouncer modulator

To see the advantage of the bouncer principle, a calculation of the stored energy is given below.
The stored energy in the modulator is:
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Main capacitor energy:

Estored = 5 X Cmain X U?, (23)
Estored = 3 X 14 mF x 10 kV?, (24)
Estored = 70K . (25)
Bouncer energy:
Ebouncer =5 X Chouncer X Ubouncer” - (26)
Epouncer =3 X 2mF X 2KV?, (27)
Epouncer = 4 KJ . (28)

The sum is 74 kJ, which is only five times the pulse energy.

The first three bouncer modulators were built by FNAL and operated at DESY. At DESY
further research and development was done and the modulator was brought to industry. The following
modulators were built by Puls-Plasmatechnik GmbH (PPT), Germany, the nowadays Ampegon PPT
GmbH [4] and are operated with the FLASH accelerator and test stands for the XFEL. Improvements
were made for reducing EMI basically by improving the construction e.g. using sandwich structures
for the current leads. A constant power charging of the capacitor bank as described in section 6 was
introduced. The bouncer changed position to the high-voltage side. Because of this the pulse
transformer primary stays at ground potential. In accordance with Kirchhoff’s law the position of the
different voltages does not influence the transformer voltage.

A disadvantage of the bouncer is the high current cycling in the LC network. Additionally, a
new time-dependence of the triggering of the switch is introduced.

The bouncer principle was later also proposed by other enterprises such as, for example, JEMA,
Spain [5] (Fig. 17). Here the single-pulse transformer is split into several smaller primary windings
and one secondary winding. This approach takes advantage of the low energy storage due to the
bouncer principle. Due to the splitting of the primaries the semiconductor switches do not have to
handle the high pulse current. Also, the lower stray inductances in each branch result in a better rise
time of the pulse.
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Fig. 17: Proposal for a klystron modulator by JEMA, using the bouncer principle
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4.4 Active bouncer solutions

To further decrease the remaining ringing of the flat top using the LC bouncer, switched mode power
supplies can be introduced. Here, high-frequency switching semiconductors have to be used. The
development shown in Fig. 18 was done at CERN [6]. This topology was tested as a prototype and

tests are ongoing. Other topologies for switched mode supplies are also possible.

Pulsed transformer model

Klystron
model

Ideal voltages waveforms

R, c
Vi 1 ‘B
N 5 _l i S Y Droop: ~20%
o g H 3,
T € | |Uous = iUy 2
=1 = 7 ; =]
g 5 ; i
~ ' time
J_: i
Active Bouncer +
=
R ] 800V
+ [ ‘5_ ° T~‘| Tz{ Til Rois %
o0—1 £%5 C L Ic \ =
i |3 -1 HF LOAD,
F—1 55 = | Upe v . +" time
3— == |7 i lR \
g | 88 |™ gl | Ro 3
= T D # D ZIS DJZlS Isir Cur be 3 Peror p—
1. 3 4CHT=[_ —
Tpc T3 Tz Ta :‘_,T
4 4 4 4 @ -110kV
=
Control )
time
Fig. 18: Active bouncer solution tested at CERN [6]
4.5 Pulse forming by LC circuit

Another passive pulse-forming topology, instead of a LC bouncer, is an LR circuit, as shown in
Fig. 19. Here time-dependent current flow in the inductance during the pulse is used. At the beginning
of the pulse, the inductance has a high impedance. The current flows through the resistor having an
initial voltage drop. During the pulse the current commutates into the inductance, which short-circuits
the resistor. This solution is built by Scandinova, Sweden and PPT, Germany. In Fig. 20 the schematic
for a Scandinova modulator is presented.
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Fig. 19: Pulse forming by LR network
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Fig. 20: Modulator with LR pulse-forming network

The advantage of the LR is definitely its simplicity. Once the LR circuit is optimized it does not
require any further timing signals. However, it is also less flexible than the bouncer, where over a
small range some changes in pulse shaping are possible. The additional losses in the resistor have to
be taken into account for the efficiency calculation.

5 Modulators with switched mode power supplies

The development of better semiconductors and transformers has led to different solutions for
modulators using switched mode power supplies for pulse generation. In this section three solutions
are presented. These modulators are either already installed or prototypes have been proven to work.

5.1 Pulse step modulator

This technology was developed by Ampegon, Turgi, Switzerland [7, 8]. The original application was
for shortwave transmitters to produce amplitude-modulated signals. A rectangular pulse is ‘just’ a
special waveform that can be produced with this topology.

In the modulators, several voltage sources are stacked in series, as shown in Fig. 21. By means
of appropriate regulation and time pattern the voltage sources are turned on to produce the required
waveform.

=l
o

N

Fig. 21: Principle of the pulse step modulator

As shown in Fig. 21, the simple turning on and off of the voltage source would lead to a large
quantification error. This is well known from digital signal processing. To achieve a more precise
adaptation of the desired wave form, switched mode supplies are used. The principle shown in Fig. 22
is also described in Ref. [9].
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t‘—"
Fig. 22: Use of switched mode supplies to better shape the wave form

A complete RF station is presented in Fig. 23. The stacked voltage sources are built next to the
switching modules. A low-pass filter is introduced to decrease the voltage ripple and suppress the
switching frequency at the output of the modulator.

Specific to DESY is the use of pulse cables to transport the pulses from the modulator to the
pulse transformer and klystron. The length of these cables is up to 1.7 km [10].

Mains Input 690V 20 Switching Modules Low Pass Cable Matching Pulse
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Transformer <1700 m +
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Switching Modules

The switching modules are designed as
pluggable units. An IGBT transistor module
from Semikron (1200V /2400 A) is used as main
switching element.
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Fig. 23: Schematic of the RF station with Ampegon modulator [8]
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The waveform of the klystron current and voltage, as well as the modulator current and voltage
are shown in Fig. 24. The rise time is approximately 200 ps.

] — @ 200mv___ ] 500MS/s @D S | 8 Okt 2013
.01792ms 1M PKkte. 550mv I 4:34

Fig. 24: Current waveforms of the Ampegon modulator. Yellow: modulator voltage (9kV), light blue: modulator
current (1500A), pink: Klystron voltage (108 kV), green: Klystron current (125A).

The flat top is measured to be 30 V,,, on a 10 kV pulse. This corresponds to 0.3% pp, which is a
very good result and stays within the specification. The measurement is shown in Fig. 25.
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Fig. 25: Flat top measurement for the XFEL modulator

5.2 H-bridge converter/modulator

The topology chosen for the SNS modulator was H-bridge topology with interleaved switching pattern
(Fig. 26); see Ref. [11]. For the input stage a three-phase SCR controller supplies a DC intermediate
circuit. Via multiphase IGBT H-bridges, transformers and a secondary diode rectifier, 135 kV is
generated. The switching frequency of the IGBTs is 20 kHz. The peak power is up to 11 MW with an
operating repetition rate of 60 Hz at a pulse length of 1.35 ms. Figure 27 shows the modulator
assembly.
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Fig. 26: Multiphase H-bridge SNS modulator

Fig. 27: SNS modulator assembly

5.3 Marx modulator

The principle of producing high voltage by using a Marx generator is well known. The parallel
charging of high-voltage cells at a low voltage and then switching these in series was described in the
1920s. At SLAC this principle was used to build a modulator. The modulator is divided into modules
that are loaded at low voltage [12]. During the pulse the modules are connected in series. Figure 28
presents the schematic of the modulator. An additional droop compensation circuit regulates the flat
top to compensate for the storage capacitor voltage droop (Fig. 29).

This modulator was built as a prototype with full power and voltage.
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Fig. 28: Schematic of Marx modulator
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Fig. 29: Waveform for one cell

6 Connecting modulators to the electrical grid

By means of capacitors modulators constantly draw electrical energy from the mains to supply pulsed
output power. As an example, the bouncer modulator is shown in Fig. 30. During the pause between
pulses this energy has to be recharged. Figure 31 shows the waveform of the capacitor voltage of a
bouncer modulator in pulsed operation. Recharging this circuit with either a diode rectifier or SCR
rectifier would draw high peak currents, and therefore high peak power from the mains, leading to
severe disturbances to the grid.

The first modulator installed at DESY used a SCR primary regulated charging unit. The pulsing
of this one modulator could be measured at the ppm level in the HERA magnet power supplies. It is
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easy to imagine that a large number of modulators, as at XFEL with an integrated pulse power of
450 MW, cannot be connected to the grid without taking special care for compensation.
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Fig. 30: Topology of the bouncer modulator; energy is stored in the main capacitor bank
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Fig. 31: Voltage waveform of the main capacitor bank

To prevent disturbing the consumers connected to the mains, the level of allowed disturbance is
defined in the German standard VDE 0838, IEC 38 or the equivalent European standard EN 61000-3-
3. In general, no consumer is allowed to produce more distortion than 3% of the voltage variation of
the mains. At the low frequencies at which the distortion can be seen as a fluctuation in the intensity of
lighting, these disturbances are even more restricted. At these frequencies, the human eye is very
sensitive to changes in light intensities. The eye sees a flickering, which gives the name ‘flicker
frequencies’. Figure 32 shows the maximum grid distortion as a function of voltage changes per
minute. It is important to understand that the definition is voltage changes per minute. A pulse would
be represented by a negative voltage change and then a positive voltage change. Therefore the double
repetition rate has to be taken as

AU/min = 2%f,., [1/5]%60 [s/min] . (29)

In order to fulfil the required standard a constant power loading for the modulator was

developed. The power of the modulator has to be
P=UxI=const! (30)

The current has to be regulated according to Eq. (30), to be the inverse of the AU that occurs

during pulsing. If U decreases the current has to be increased by the same ratio.
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It has to be taken into account that an SCR bridge generates reactive power dependent on the
firing phase angle; therefore, these are not suitable. Instead either a diode bridge rectifier with
intermediate DC link or active front-ends with self-commutated converters have to be used.

DIN EN 61000-3-3 (VDE 0838-3):2014-03
EN 61000-3-3:2013

T—T
1
1
e Abschnitt 5

T~ Operation point of
. ESS: 14 Hz,
g 4 ~. r=1680, d=0.34%

Operation point of
03 . XFEL: 10 Hz,
r=1200,
d=0.28%

0,1
10! 10° 10 102 10° 104

Anzahl der Spannungsanderungen je Minute

Fig. 32: Number of voltage changes per minute with allowed amount of distortion

6.1 DESY mains specification and specification of the modulator

Unfortunately, particle accelerators are using repetition rates that are close to the frequency of
minimum of allowed distortion. The XFEL is operated at 10 Hz, giving 1200 voltage changes.
According to Fig. 32, d=0.28%. The found value of d defines the actual allowed power changes
(AP)/modulator. Here, d is defined by the equation

AS AU
d=2=2=

= 0.28% 31)

"~ Ssc Unom
where d is allowed distortions, AS is the variation in apparent power, Sy is the short-circuit power of
the mains and U,,, is the nominal voltage of the mains

At DESY the intermediate voltage is 10 kV. The short-circuit power of the mains station to
which the modulators are connected to, is 250 MV A. The allowed power variation is:

250 MVA x 0.28% =700 kVA . (32)

In the design, including future upgrades, the number of XFEL modulators is set to 35. This
would allow 20 kV A/modulator deviations to fulfil the requirement of the grid operator.

Since other components in the machine are assumed to be more critical than the human eye, the
budget was cut by two. A value for the specification of 10 kVA/modulator was defined, a challenging,
but not impossible value.

6.2 Different power supplies for constant power

The first market analysis during the middle of the 1990s showed that no constant-power power
supplies were available. Capacitor charging units at that time usually provided the possibility of
voltage or constant current regulation. A research and development programme was launched to make
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a first prototype to cope with this problem. The result was the power supply shown in Fig. 33. This
was built as a 300 kW prototype, able to supply a modulator in the test stand [9, 13].

With this topology the converter delivers a constant power into the capacitor Cy,q4 at a fixed
switching frequency. Charging a resonant capacitor C to a constant voltage Uy or 0 V, by taking
current from the mains, results in a constant charge from the mains and is independent of the load.

- -
Ls 15

C
2

1L

s2 AD2 T S|

&

Fig. 33: First constant power power supply developed at DESY. G, rectifier; #,, supply current; i;, transformer
primary current; uc, resonance capacitor voltage; Uciaq Output voltage at modulator capacitor bank; igy, current
ig at time f; L, primary stray inductivity of the transformer; £, resonance frequency of the resonant LC circuit; #,
gear ratio of the transformer and rectifier; 7, time period of the switching frequency of S1 and S2; C, resonance
capacitor; Ug, DC link supply voltage; Uy, primary rectifier voltage; Cr, DC link capacitor; Ly, filter inductance.

A very nice analogy of the working principle is the comparison with a water bucket. This
bucket is filled with water per period. Afterwards it is poured into a pool. The water quantity that is
poured into the pool is dependent upon the filling/pouring frequency. It is independent of the water-
level of the pool.

In the tendering process, this topology was not chosen because of the price. Instead, a series
combination of buck converters was shown to have a better price. The schematic can be seen in
Fig. 34. It was produced by FuG, Germany. These power supplies have been working in FLASH for
several years. The regulation is analog and consists of three regulation loops: voltage, current and
power regulation.

During normal operation the power is regulated. In the event of too high currents or voltages
these regulation loops guarantee that none of the values are exeeded. For example, the power supply
stops loading when the required voltage is reached.
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Fig. 34: Contant-power power supply using buck converters installed at FLASH

The third solution is installed in the Ampegon modulator for XFEL as shown in Fig. 35. The
modules have a combined function of constant power charging (main rectifier and boost converter),
energy storage in the capacitor and the pulse-forming IGBT. The boost converter is regulated in
constant power mode according to Eq. (30).
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Fig. 35: Ampegon power module, combining constant power loading, energy storage and pulse IGBT

The measurement results are shown in Figs. 36 and 37. Figure 36 shows the waveform that was
measured during the acceptance test. The 50 Hz fundamental wave is taken to calculate power
deviation due to pulsing.
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Fig. 36: 50 Hz signal with measured 10 Hz deviation

As described the specified value of power variations should be <10 kV A/modulator. This would
correspond to a current variation of

AS 10 kVA
AI_\/EXU_\/EX690V_8'4A' (33)
The measured result shows that:
Al = 2.5 A what corresponds toa AS~= 3 kVA. (34)

The performance of the power regulation is approximately a factor of 3 better than the
requirement. Figure 37 shows the measured three-phase currents of a modulator input. The typical
frequencies of the diode rectifier also appear. However, no variations in the peak-to-peak values of the
amplitude or frequency variations occur.

pulse

29 Okt 2013

'I[lo.()ms 1.00MS/s 5 I
TRONDES 100k Pkte. 1.02v J[10:36:32 |

Fig. 37: Measured input current; waveform is not influenced by the modulator pulse. Yellow, light blue, pink:
line currents of modulator (270A). Green: HV-pulse (9kV).
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7 EMI aspects

In the pulsed modulator applications one deals with high voltage and high currents that are switched at
high dV/dt and di/d¢ values. It is obvious that it is extremely important to start, from the very
beginning, building in features that minimize EMI.

Presenting a complete overview of correct EMI construction in this paper is not possible. Only a
few very basic hints are given:

— think in currents instead of voltages: find the paths where the return current will flow;
— never think that a cable is just a conductor, it is also an inductance;

— each component can and will form a resonant circuit with its neighbour;

— put the current path and return path close together;

— use low inductive ground planes;

— read, study and put into practice the lectures by A. Charoy during this CAS and [15].

In Fig. 38 the Ampegon modulator is shown. A few additional stray components are inserted
into the basic schematic. These are capacitors to ground that achieve a high d}/dr and inductances in
the return paths of the high currents.

Mains Input 690V 20 Switching Modules Low Pass Cable Matching Pulse
+ Standard Configuration Filter 4x28 ohms Network Transformer

Transformer <1700 m +
|":'] T ) Klystron

I 1
3

Schematic of the entire RF-station
Thomson modulator

i + just a few parasitics

4 Module Pairs L

2-Quadrant Configuration

Fig. 38: Ampegon modulator with a few parasitics

Figure 39 is a simulation model of the PPT modulator for FLASH in combination with the pulse
cables [14]. The circle indicates inductance L3 in the return path. The di/d¢ of the main pulse is
transformed into a real voltage change. The inductance represents a voltage source that produces
common mode currents. In Fig. 39 every component that is connected to this inductance experiences a
severe change of ground potential.

Please remember: minimize the inductances in the current’s return path!
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Fig. 39: Simulation model of the bouncer modulator. L3 is common mode relevant

8 Future developments

The ongoing development of semiconductors and new materials for magnetic devices allow new
approaches. High switching frequencies of semiconductors are possible, and transformers are able to
handles them without large losses. In general, there is a trend to modules with lower voltage at
switching levels. By this the series connection of large semiconductor devices is obsolete. The large
pulse transformer will be replaced by smaller high-frequency types. The advantage is that less energy
is stored during the pulse, which makes klystron protection much easier.

Three types of modulators will be introduced. These are either under construction or prototypes
are being built.

8.1 JEMA hybrid inverter Marx system with custom potted transformer

The first modulator is presented by JEMA [5], and is shown in Fig. 40. It is called the hybrid inverter
Marx system with custom potted transformers. A primary SCR rectifier supplies a common DC bus.
The SCR rectifier is only used for the soft start and loading the intermediate DC bus. Once it is loaded,
the bridge is in permanent conduction mode and reacts as a diode bridge. Paralleled H-bridges
installed in modules deliver the required AC waveformThe transformer consists of a primary winding
and several secondary windings. . By stacking thesecondary windiings , the output HV is achieved.
The switching frequency is 4 kHz. The flicker compensation in this proposal is done via the DC link
reactor. The inductance would be large for small repetition rates and would have to be looked at in
detail when the requirements are known.

8.2 The stacked multi-level topology

The stacked multi-level (SML) topology in Fig. 41 was proposed by C. Martins (ESS). It is in the
prototyping phase in collaboration with the University of Lund.

It also works with several modules at the 1 kV level with IGBTs as semiconductor switches,
operating at 16 kHz. Each module has its own transformer and rectifying unit. Several of these units
are connected in series at the output, forming the HV pulse.
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Each module comprises power factor correction and precise capacitor charging. Here again,
constant power charging is done to reduce flicker. Energy is stored in a capacitor. An H-bridge excites
a resonant circuit to supply the transformer. At the secondary winding of the transformer a rectifier

with LC filter is introduced.
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Fig. 40: Hybrid inverter Marx system with custom potted transformers
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8.3 Ampegon proposal for ESS modulator

The last proposal is introduced by Ampegon for ESS. The basic topology of the schematic shown in
Fig. 42 is very similar to the ESS SML topology. However, there are different approaches. The
intermediate voltage is at 400 V. Instead of using IGBTs, metal oxide semiconductor field-effect
transistors (MOSFETs) will be used, allowing a switching frequency of up to 150 kHz. This high
switching frequency allows a very compact transformer, as also shown in Fig. 42.

Series Parallel Resonant Converter

Basic Module 1

- 400V | - Controlled +Discharging - 15KV 12.5A par Convertor
-4 x 3Phase-PFC-Buck-Type-Rectifier - 30mF | 400V - Interieaved MOSFET Inverters
(Swiss Rectifier) - Seif Healing - Diode Rectifier I =280 mm
- 96% Efficiency - Matalizad PP - Forrito Transformer =
Dy Type +>95% Efficloncy t =264 mm

- h=212 mm

Fig. 42: Ampegon proposal for the ESS modulator with new transformer

8.4 New semiconductor technologies

Although beneficial for high voltages and fast switching, components made of silicon carbide or
gallium arsenide are not yet in use. There is additional potential here for future applications.

9 Conclusions

It has been an interesting time for developments and improvements in long pulse modulators. This has
been from the first idea, to prototyping, and finally to the series production of different topologies. The
questions that had to be solved, ranging from the basic pulse-forming units, klystron protection and
flicker rejection with a constant power loading, were solved at different accelerators. However, the
improvements achieved by new technologies are still ongoing.

In the near future several large projects will use long pulse modulators. Some of these are:
— XFEL commisioning and operation;
— European Spallation Source (ESS);
— International Linear Collider (ILC);
—  Project X;
— CLIC.

With the construction of modulators for these machines, power electronic engineers will have
an interesting time and a lot of fun in the near future.
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Radiation Risks and Mitigation in Electronic Systems

B. Todd and S. Uznanski
CERN, Geneva, Switzerland

Abstract

Electrical and electronic systems can be disturbed by radiation-induced
effects. In some cases, radiation-induced effects are of a low probability and
can be ignored; however, radiation effects must be considered when
designing systems that have a high mean time to failure requirement, an
impact on protection, and/or higher exposure to radiation. High-energy
physics power systems suffer from a combination of these effects: a high
mean time to failure is required, failure can impact on protection, and the
proximity of systems to accelerators increases the likelihood of radiation-
induced events. This paper presents the principal radiation-induced effects,
and radiation environments typical to high-energy physics. It outlines a
procedure for designing and validating radiation-tolerant systems using
commercial off-the-shelf components. The paper ends with a worked
example of radiation-tolerant power converter controls that are being
developed for the Large Hadron Collider and High Luminosity-Large
Hadron Collider at CERN.

Keywords
Radiation effects; dependability; controls.

1 Introduction to radiation-induced effects

Radiation has the potential to interfere with electronic devices and systems, creating so-called
radiation-induced effects [1].

At ground level, atmospheric neutrons due to cosmic rays are a primary source of radiation.
Cosmic rays are high-energy particles reaching Earth from space. These interact with Earth’s
atmosphere, producing a shower of particles: neutrons, protons, electrons, and many others, some of
which reach the Earth’s surface.

In particle accelerators, the accelerators themselves are sources of radiation. The Large Hadron
Collider (LHC) at CERN is underground, hence it is somewhat protected against cosmic radiation. In
this case, the main sources of radiation are the protons in the two circulating LHC beams. These can
escape from the closed beam orbit, leaving the confines of the accelerator and be lost into local
materials. There are several mechanisms for beam loss:

— intentional beam losses occur, due to the collision of beam in LHC experiments;
— direct beam losses can occur, where beam strikes collimation systems or absorbers;
— beam gas interactions can occur, where circulating beam hits residual beam gas.

A single escaping proton has the potential to create a significant shower of particles that
propagate from the machine into the surrounding area. To understand the effects that this can have,
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one must consider the basic metal oxide semiconductor field effect transistor (MOSFET), which is the
fundamental basis of electronic systems. An N-channel MOSFET is shown in Fig. 1.

Source
Passivation

—_—

(low dielectric constant)

Gate Oxide
(high dielectric constant)

N-type
(extra electrons)

t// P-type
+ (extra holes)
Space charge region — +
P ge reg N + + N L4 +
Insulator o

(low dielectric constant)

Fig. 1: N-MOS transistor schematic

Such electronic circuits are at risk from three principal types of radiation-induced effects: total
ionizing dose (TID), single event effects (SEE) and displacement damage (DD).

1.1 Total ionizing dose (TID)
An incident particle can cause direct or indirect ionization of the semiconductor (Fig. 2).
@ ] Incident particle

+
N

i
+

Fig. 2: Total ionizing dose process

Figure 2 shows an example of direct ionization, where the primary particle causes ionization:
(a) acharged particle passes through a semiconductor material;

(b) the charged particle interacts with the semiconductor;

(c) electron—hole pairs are generated along the path of the particle due to its energy loss;

(d) holes that are created remain trapped in the integrated circuit oxides (such as passivation, gate
oxides, etc.)
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Indirect ionization occurs when a primary particle causes nuclear reactions that then lead to
ionization.

In both cases, the holes created within the oxides cause changes to device characteristics. The
absorbed dose or total ionizing dose (TID) is a cumulative effect measured in Grays [Gy]. This
increases over time causing gradual degradation of semiconductor performance.

This leads to several adverse effects. For example, consider the positive charge collected in the
gate oxides: N-MOS semiconductors have a decrease in switch-on voltage, as the gate is progressively
activated by the slow build-up of trapped positive charges. In the same example, P-MOS devices
exhibit an increase in switch-on voltage, as the positive charges progressively inhibit the switch-on of
the gate. The first observation of these effects will be changes in timing margins and increases in
leakage current. Board-level power consumption can increase. Eventually, N-MOS devices will fail so
that they are permanently activated, and P-MOS devices are permanently de-activated

All active components are potentially susceptible to TID.

1.2  Single event effects (SEE)

A single event effect (SEE) is prompt, having a certain probability (cross-section) of occurring with
every particle interaction. An SEE manifests in several ways, however the root cause is generally the
same (Fig. 3).
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Fig. 3: SEE process (bias not shown, for simplicity)

Figure 3 considers an incident particle acting on a semiconductor, as described in the TID case.
However, consider the behaviour of electrons, not holes:
(a) a charged particle passes through a semiconductor and interacts;

(b) electrons are generated by the particle as it traverses the material;
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(c) electrons are highly mobile and flow through the MOSFET, and are collected at the reverse
biased junction;

(d) these electrons create a pulse of current shortly after the particle’s interaction.

In almost all cases, the root cause of the SEE is the current pulse. It can have a variety of
impacts and outcomes on the circuit. There are two typical soft failures.

Single event transient (SET) — a transient is created on a signal path. This has a variety of
effects depending on the path’s function. One potentially significant impact is an SET on a
clock line, causing set-up and hold timing to be violated.

Single event upset (SEU) — the initial particle interaction causes a stored bit to change in
value. This erroneous value generally persists until it is re-written. The effect of an SEU on
the system level depends upon the location and function of the flipped bit.

Other potentially disastrous failure modes exist, particular in complementary metal oxide
semiconductor (CMOS) circuitry; consider Fig. 4.
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Fig. 4: CMOS transistor schematic
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1. A CMOS structure is made from a pair of N-MOS and P-MOS devices;

2. A basic inverter configuration is shown, with the gates, sources, and drains connected
appropriately;

3. A parasitic NPN, PNP structure exists in the CMOS device.

If a particle interaction deposits sufficient charge, then the parasitic structure can be activated,
causing hard failures, such as the following.

— Single event latch-up (SEL) — a low-impedance short-circuit between power supply and
ground is created; this requires power to be removed for the latch-up to be cleared. An SEL
has the potential to be catastrophic if it is not mitigated, due to localized heating of the
component in the high current state [2].

— SEE hard failures covers other effects such as single event burnout (SEB) and single event
gate-rupture (SEGR).

— SEE are prompt (relative to displacement damage (DD) and TID), and each particle
traversing the semiconductor has a certain probability of interaction. The particles of interest
are high energy hadrons (HEH) or ions, and the critical parameter is the cross-section,
which is the probability of an HEH-induced SEE.

1.3 Displacement damage (DD)

Displacement damage (DD) occurs when particles interact with the silicon lattice. Figure 5 shows the
key process.
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@ @ Frenkel defect
O 040 o O O O
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Displaced atom O % OJO O O Interstitial
Fig. 5: DD process
In Fig. 5:

(a) an ideal silicon lattice has regularly spaced atoms;

(b) incident particles traverse the lattice;

(c) there is a probability that the particle strikes and dislodges an atom;

(d) this interaction can create Frenkel defects consisting of a vacancy and an interstitial defect.

Damage to the lattice is proportional to the integrated flux of particles that have passed through
the atomic structure, therefore DD gradually increases over time. The effects of DD generally reduce
device gain, which eventually leads to complete failure of the device. DD mainly affects bipolar
technologies; CMOS technologies generally do not suffer from DD effects.
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DD is a cumulative effect and is measured as the total number of 1 MeV equivalent neutrons
that have passed through a given surface area [1 MeV eq. n/cm’]. The term non-ionizing energy loss
(NEIL) is also used.

2 Design for radiation

Dealing with radiation effects on electronic systems is a fundamental part of electronics design; at the
same time, it is a tremendously complex and expensive requirement. Engineers should make every
effort to first optimize the system requirements before embarking on the development of radiation-
tolerant designs. Only after exhausting all alternatives should the design of a radiation-exposed system
be undertaken. The main considerations to address are given below.

— Functional — is the system needed at all? Engineers should consider whether it is possible to
design-out the system’s function at a higher level. Are there alternative means to achieve the
same goal without having a dedicated system? What are the consequences of not having this
system?

— Environmental — does the system need to be here? Before undertaking a system design,
exhaust all options for moving systems away from radiation, or shielding equipment from
radiation. Move every element that can be moved, in order to minimize the amount of
radiation-exposed elements as possible.

— Dependability — can the permitted failure rate of the system be increased? Dependability
requirements should be established at an early phase. The system should have a reasonable
failure rate. In addition, the permitted failure modes should be outlined. Protection-related
systems may have a strict unsafe failure rate specification. Systems with such a requirement
add further complexity to an already complex process. Engineers should make every effort
to increase the permitted failure rate, and to exclude undesired failure modes.

2.1 Radiation hardened vs. radiation tolerant

Once it is decided that a radiation-exposed system must be designed, a primary factor is to determine
whether a radiation-hardened or radiation-folerant design is needed.

The principal consideration is the environment. Figure 6 shows typical values of radiation
fluence and dose for sea, air, and space applications, as well as the approaches needed. The
delimitation of the areas is not a fixed value, and can be debated.
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Fig. 6: Radiation exposure levels vs. engineering approach (CERN defined)
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Radiation-hardened systems (as defined at CERN) exhibit no adverse effects from radiation, as
they are immune to radiation-induced problems, in the environment specified, up to defined limits.
These systems can make use of radiation-hardened technologies (so-called radiation-hardening-by-
process) or mitigation of radiation effects at the design level (radiation-hardening-by-design). A
complete, certified, radiation-hardened hardware solution can be designed. One of the key drawbacks
of this approach is cost. For example, a radiation-hardened programmable logic device is 100—1000
times more expensive than a commercial device [3], and a custom-made integrated circuit can have
extremely high set-up costs in the order of millions of Swiss Francs [4].

Radiation-tolerant systems (as defined at CERN) are those that can be made to function in
radiation environments despite being susceptible to radiation. This is primarily done by mitigating the
consequences of the effects. This paper explains the process of designing radiation-tolerant systems
based on commercial off-the-shelf (COTS) components.

2.2 Radiation-tolerant design flow

A design flow has been created to address project risks specific to the development of radiation-
tolerant COTS electronics. The design flow begins after the requirements capture and engineering
specification phases. The process flows of electronics system and radiation-tolerant system
development are shown in Fig. 7.

Electronic design flow Radiation-tolerant electronic design flow
| Conceptual design | | Conceptual design |ﬁ
2
| Component selection |ﬁ
y
| Radiation risk classification |
d
| Type iestmg ‘@
Hl Detailed design | ﬂl Detailed design |
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| Industrialisation | | Industrialisation |
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2
| Pre-Series testing |
J
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| Installation & commissioning | | Installation & commissioning |
l \
| Surveillance | | Surveillance |

Fig. 7: Electronics design flow and radiation tolerance electronics design flow [5, 6]
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The arrows in Fig. 7 show the impact of an electronic component that is not satisfactory. The
arrows are marked C,, C, and C, as a function of criticality of the unsatisfactory component in the
design flow. A complete classification of components, their criticalities and different steps are
described in the following paragraphs of this section. This flow can be directly compared with the
Radiation Hardness Assurance of components ECSS-Q-ST-60-15C [7].

Conceptual design — a basic design for the system is selected, with solutions proposed for
the implementation of each required function from the engineering specification.

Component selection — the conceptual design is broken into sub-systems, and a component
inventory is established, with components organized by functional requirements. The
component selection and creation of the bill-of-materials (BoM) are made in close
collaboration with the design team. The defined functionality of the system needs to be
balanced against the feasible radiation-tolerant solutions. This is an iterative process, which
continues as radiation tests advance. Some components may need to be changed as results
appear from testing. Radiation testing is a slow and complex process, thus minimization of
component count and variation is a key requirement.

Radiation risk classification — each component to be used is classified into one of three risk
classes (Cy,) based on a risk matrix, cross-referencing the likelihood and impact of
radiation-induced failure. Three main criteria are used for the component classification:

1. the known susceptibility of the type of component to radiation;
2. the function of this component in the design, i.e. the impact of its failure on system
reliability;

3. the availability of alternatives for the component.

A summary is given below.

— C, components are those that are known to be resistant to radiation, or are easily
replaced if found to be weak. In general the design of the system is not influenced by
these C, parts. Examples: resistors, capacitors, diodes, transistors, etc.

— C; components are those that are potentially susceptible to radiation, in less critical parts
of the system. Substitution of parts or mitigation of issues is possible with a redesign.
Examples: regulators, references, drivers, level translators, memory, etc.

— C, components are those that are potentially susceptible to radiation, being found in
more critical parts of the system. If these parts do not perform well then the basic design
is compromised, and a significant rework of the conceptual design is needed.
Substitution of parts or mitigation of issues due to C, parts is generally difficult.
Examples: analog-to-digital converters (ADCs), programmable logic, mixed circuits,
etc.

— Type testing — the selected components are subject to radiation testing to identify cross-
sections and to predict component lifetimes. Various sources of radiation test data can
be consulted from other institutes and organizations such as the ESA [8], NASA [9, 10]
or in the IEEE NSREC data workshop proceedings. In some cases, test setup, test
procedure and test parameters such as bias conditions or temperature may be similar to
the project application and the test results can be directly used without a dedicated
radiation characterization test. It should be noted that some of the ESA/NASA tests are
performed on high-reliability electronic components, which can have different radiation
tolerance to regular COTS components, even when considering the same reference
numbers from the same manufacturer.
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In the absence of reliable radiation results for a given component, a radiation campaign is
prepared. Each individual component is tested by applying procedures that are briefly described in
Ref. [11]. The higher the class of the component, the more detailed is the analysis of its response to
radiation.

Several reference test standards exist for the planning and execution of the radiation tests. These
are: for SEE, JEDEC Test Standard 57 [12] or ESA/SCC 25100 [13]; for TID, MIL-STD 1019.8 [14],
ASTM F1892 [15] or ESA/SCC 22900 [16]. An extensive review of TID radiation hardness assurance
standards can be found in Ref. [17]. The level of testing required depends upon the class of the
component (Table 1).

Table 1: Radiation characterization test methodology

Class Mixed field Proton Heavy ion
Co Mandatory
(O Optional Mandatory
G, Optional Mandatory Mandatory

At CERN, C, components are tested in a mixed-field radiation environment equivalent to LHC
tunnel conditions, thus giving a direct indication of the device’s performance in the final application.

C; components are irradiated with mono-energetic protons to measure susceptibility to SEE and
TID; mixed-field tests are optional proton tests that allow assessment of SEE and TID response of a
component in a much shorter time. Two or more candidate parts for each C,; position should pass type
testing. If this cannot be ensured, it is possible that a return to component selection is needed to find
more candidate parts.

Type-testing failure of C, parts is critical for the project. These are tested in exactly the same
way as the C; components, with the addition of heavy-ion testing to assess SEL cross-section and the
respective risk in the LHC radiation environment. At least one C, part must be found that meets
system requirements. If this is not the case the conceptual design must be revised.

— Detailed design — the remainder of the design is established, using components that
performed well in type testing.

— Dependability analysis — the reliability of the system hardware is predicted, using cross-
sections, lifetimes and electrical characteristics. Traditional reliability engineering
techniques can be used to meet system requirements.

— Prototype testing — a small number of prototypes are constructed, following the concept
emerging from the dependability analysis. These are used to validate design choices, and to
ensure correct integration between connecting systems and controls.

— Final design — the final design is established, which on paper meets all of the functional and
dependability requirements of the system.

— Component batch testing — after prototype validation and definition of the final
implementation, the procurement of large quantities of components begins. Each has to be
qualified to confirm the results of the type testing and to assure the conformity of the
component radiation response within the lot. COTS components form the main part of those
used in this framework; ideally all production components should be procured from a single
fabrication lot to decrease the component-to-component variability. In many cases, it is
impossible to get such information concerning the number of silicon wafers from which the
components were made, their lot date code, or even the lot origin. This makes lot acceptance
tests complex and challenging. ESA specifications require a minimum of 11 samples to be
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selected for TID characterization: ten for irradiation and one reference part. Similarly, the
CERN lot acceptance test strategy requires a minimum of ten irradiated samples and one
reference for each component lot. The number of samples to be tested for SEE
characterization is much smaller, typically three [13].

If a Cy component does not pass testing, another equivalent component will be purchased
and lot acceptance tests will be performed. If a C; component does not pass the lot
acceptance tests, its equivalent will be chosen from a list of preferred replacements for C,
components prepared in advance during preparation of the BoM. As shown in Fig. 2, C,
components are highly critical for the design, and in the case of lot non-conformity the
project’s conceptual design will have to be revised. For all C, components it is of the utmost
priority to decrease the probability of lot problems.

— Industrialization and fabrication — the number of required units is produced, after
industrialization, ensuring the best quality is achieved for the product being designed.

— Pre-series testing — production is usually split into pre-series and series production. A small
number of parts are delivered first, which are manufactured using the industrial assembly
line. Accelerated lifetime testing and dedicated irradiation testing can be carried out to
ensure that industrialized fabrication yields parts that meet predictions.

— Burn-in — surveillance — the usual steps in the delivery of an engineering product.

3 Radiation testing

Radiation testing is a crucial aspect of the development of radiation-tolerant electronic systems. The
three key radiation effects need to be characterized and quantified for each of the parts being used.

To determine the effects of displacement damage, parts are placed in the vicinity of radiation
sources, typically neutrons. The parts do not need to be powered for displacement damage to occur;
after irradiation parts are characterized on electrical test benches. Dedicated irradiation areas can be
found in the proximity to fission reactors, such as PROSPERO [18].

SEE cross-sections and TID limits are determined by controlled exposure to radiation. This is
done by building dedicated test equipment that exercises components whilst they are being irradiated.
Tests and observations are carried out, looking for the malfunction characteristics of SEEs, and the
end-of-life due to TID. Special care has to be taken to subject parts to a representative radiation field.
The irradiation spectra have to give meaningful results considering the environment in which the
system is to be used.

An example of a representative SEE and TID test area was the CERN Neutrinos to Gran Sasso
(CNGS) gallery, which was operated until 2012. Proton beams from the Super Proton Synchrotron
(SPS) were extracted onto a target, creating a neutrino beam. A radiation field is created by the
interaction of the proton beam with the target, so components could be tested in the immediate vicinity

(Fig. 8).
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Fig. 8: Plan view of the CNGS installation [19]

A typical test apparatus placed in this location includes devices under test, which are surveyed
and characterized. The conclusions from such tests are the device failure modes, and failure mode
ratios. This is an exhaustive list of errors that have been observed, grouped by failure mode. The ratios
of each type of error are also determined. In addition the TID limit is determined, giving the effective
device lifetime in this particular radiation field. A drawback of these tests is limited beam availability
and long irradiation time due to the low fluences that can be obtained [18]. At CERN a new facility,
called CHARM, is under construction to overcome these limitations [20, 21]. CHARM is intended to
provide:

e mixed-field particle spectra representative of the LHC tunnel, space, and/or ground level;
e alarge testing volume to allow the testing of several cubic metres of equipment;

e high beam availability and intensity higher than an operational environment as in the LHC
tunnel.

4 Applying the design flow to power converter controls

The design flow outlined in the previous section is being applied to the development of the power
converter controls for the LHC at CERN. The LHC has several thousand normal and superconducting
magnets with associated power converters. A typical example circuit is the 13 kA dipole circuit as
shown in Fig. 9.
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Fig. 9: Superconducting electrical circuit, with power converter
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These circuits have a high stored energy, and use a system of interlocks and protection to guard
against the uncontrolled release of magnet and powering energy. The power converter converts mains
energy to the required magnetic field for beam operations (Table 2). The set point and operation of the
power converter is managed by a power converter controller.

Table 2: Types of power converter in the LHC

Principal application Voltage Current  Quantity
[magnet] [Vl [A]

Main dipoles 13 000 190 8
Main quadrupoles 13 000 18 16
Quadrupole circuits 4 000-6 000-8 000 8 188
Warm circuits 1 000 450-950 16
Sextupole circuits 600 40 37
Octupole circuits 600 10 400
Orbit correctors 120 10 298
Orbit correctors 60 8 752

This gives a total of over 1700 power converters used in the LHC. These are located in one of
five different areas (Fig. 10), each with a different risk classification for radiation:

1. at the surface;
2. in parallel galleries;

3. in perpendicular galleries;
4. 1in alcoves;
5

the LHC accelerator tunnel.

Fig. 10: Civil works with principal converter locations [22]
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Perpendicular galleries, alcoves, and the accelerator tunnel each present a moderate to high
level of risk concerning exposure to radiation. Of the power converter quantities shown before, over
1000 are located in such areas (Table 3).

Table 3: Power converters found in moderate to high radiation risk areas [23]

Perpendicular  Alcove  Tunnel

Principal application Voltage Current
[magnet] V] [A]
Quadrupole circuits 4000-6000-8000 8 6 60 -
Sextupole circuits 600 40 - 12 -
Octupole circuits 600 10 24 104 -
Orbit correctors 120 10 15 92 -
Orbit correctors 60 8 - - 752

Each power converter can be broken down into three distinct sections (Fig. 11).
1. a function generator controller (FGC) electronic module;

2. a voltage source (VS), consisting of power electronics and power circuits converting mains
power to the current and voltage requested by the FGC;

3. current transformers (DCCT) converting the electrical output current of the converter into a
digital value that is read back by the FGC.

Mains
supply
poeseeseseee '
.
Function Vet > Voltage N Current >E Magnet
Control < >genera tor source transformer ¢ circuit
system ' '
4 controller .-..--:t--..-.'
ya IlTlEEIS I
N Power converter B field

Fig. 11: Key components of a power converter

The design flow has been applied to the design and realization of the FGC that is to be used in
the power converters located in moderate to high radiation risk areas, as shown in Table 3.
4.1 Function generator controller
The FGC is a purpose-built electronic module having several functions (Fig. 12). Most notably [24] it:

— implements closed-loop regulation of the magnet current, reading the measured current /s
to establish the reference voltage Vs needed for the field;

— controls the converter, by issuing digital commands such as ON, OFF, and RESET;

— implements low-level interlock logic as part of the interlock loops between the VS, quench
detection, and powering interlock systems [25];

— allows remote control and surveillance of the converter and associated subsystems.
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Fig. 12: Basic connectivity of an FGC

The control system of the LHC power converter controls is based on the WorldFIP fieldbus
(Fig. 13), using a gateway computer with bus master to send and receive real-time commands to FGC
slaves.
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Fig. 13: Fieldbus control principle

The use of the fieldbus provides a low-bandwidth communications solution for the FGC. During
each cycle only around 32 bytes can be transmitted to, and 128 bytes received from, each FGC [26].

4.2 Radiation-tolerant function generator controller

From the operational point of view, power converters are to behave in the same way regardless of
whether an FGC or an FGClite controller is used. To optimize costs, the existing fieldbus
infrastructure will be re-used and FGClites will be plug-compatible with FGC2. This makes
significant savings but means that fundamental changes to the FGC philosophy are not possible. Effort
has been put into the optimization of software, programmable logic, and hardware partitions to
minimize the complexity of the FGClites, whilst meeting system-level requirements.
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In FGC2, the current reference as a function of time is stored locally in each FGC. A function
table and regulation circuit use circuit settings specific to the magnet circuit being powered to drive
the voltage reference point (Fig. 14).
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Fig. 14: Closed loop control architecture changes [26]

The gateway sends simple commands such as start regulation to each FGC. The most
significant hardware change for the FGClites is the relocation of the digital signal processor (DSP)
into the gateway, with the FGClite acting as a remote input/output module.

The gateway complexity is significantly increased as it is required to implement the regulation
calculations for all FGClites connected on the same fieldbus segment. This increases the latency of the
regulation loop due to the transmission of information back and forth on the fieldbus, which requires
the regulation algorithms to be adjusted. Additionally, FGC2 was capable of working independently of
the fieldbus for short periods, whereas the FGClites will be completely dependent on the fieldbus for
correct operation.

4.3 Software and programmable logic partitioning

FGC2 depends on both software and programmable logic to achieve its functional requirements.
Embedded software is used both for closed-loop signal processing and converter supervision. In the
FGC2, eleven programmable logic devices are used for sub-functions such as timer circuits, access to
coefficients, and digital multiplexing, amongst others (Fig. 15).
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Fig. 15: Architecture changes
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FGClites are to have no locally executed software as the signal processing functions are to be
moved to the gateway. The remaining supervision requirements, as well as FGC2 functions
implemented in programmable logic, are to be implemented in three flash-based field programmable
gate arrays (FPGAs) having functionality described in VHSIC hardware description language
(VHDL).

The obsolete WorldFIP chipset is also to be replaced by CERN nanoFIP, which also uses a flash
FPGA. NanoFIP exploits the WorldFIP electrical standard but a simple transmission protocol between
gateway and power converter [27].

4.4 Predicted reliability and lifetime

Failures of the power converter hardware can be split into two categories: basic failures corresponding
to the bathtub curve and those related to radiation damage.

4.5 Basic failures

The first source of failure is expected to follow the typical hazard function for the failure of non-
complex electronic systems, the so-called bathtub curve, made up of three sections.

—  Early-life failures are caused by latent defects and are avoided by processes such as stress
screening and running-in.

The useful-life failure rate is one of the biggest concerns for the success of the FGClite
project in meeting its reliability goal. Failures of this nature can occur at any moment in
time and are not correlated. This is to be minimized by following design practices promoting
reliability, such as over-specification and redundancy. The base failure rate of the FGClites
will be determined using a combination of past experience and military handbooks.

—  Wear-out failures are due to the gradual wear-and-tear of electronic systems in use. In the
FGClites these are to be minimized by following the most appropriate maintenance plan,
either preventive or reliability centred maintenance (RCM).

4.6 Radiation-induced failures

The second source of failure is that related to radiation. Radiation-induced damage manifests itself in
two manners: cumulative and prompt. Cumulative or total dose effects reduce the effective system
lifetime by advancing the wear-out phase, and SEEs increase the random-in-time failure rate of the
system across its whole lifetime.

First prompt effects, such as SEU or SEL, can cause the system to malfunction, having the
effect of increasing the random-in-time failure rate of the FGClites. The predicted number of failures
per year can be seen as a function of the fluence of particles in the areas in which the FGC is installed,
and the cross-section of each FGClite. Figure 16 shows the characteristics for a subset of converters
with an LS1-LS2 estimated fluence of 9 x 10” high energy hadrons (HEH) per square centimetre per
year in tunnel installations [28].
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Fig. 16: Cross-section and predicted failure rate for LHC operational phases

4.7 Requirements
There are two key requirements: /ifetime, and reliability.

— Lifetime: the FGClites must be designed to outlast the LHC. Current planning extends into
the 2030s, so an FGClite installed in 2015 would need >25 years’ lifetime. In addition to the
electrical requirement, radiation dictates that every component in the FGClites must remain
within specification after absorbing around 200 Gy.

— Reliability: power converters have a direct influence on the availability of the LHC
machine. the LHC is expected to run for 200 days every year, with two ten-hour fills, and
two recovery periods of two hours every day [29]. This gives 400 LHC missions per year.
No more than 10% of these should be aborted due to the failure of power converters; this
means that each power converter must have an MTBF in excess of 400 000 hours.

This can be split between electrical and radiation-induced failures. Electrical MTBF is therefore
required to be similar to the existing controllers, with a maximum of 10 radiation-induced failures per
year of operation for all installed systems. This means the SEE cross-section of the FGClites is
required to be equal to 3 x 1072 cm” or lower.

Combining these requirements means that all FGClites in operation are expected to fail less than
10 times per year due to radiation-induced errors, and less than 30 times due to electrical effects,
meeting the combined requirement of less than 40 failures per year.

4.8 FGClite project risks

FGClites are required to be installed in the LHC at the end of 2015. The most significant risk to the
successful completion of the project concerns class C, components: optimization of component
selection has yielded only three C, parts:

— the ADC used to determine /cs;
— the mixed analog—digital IC used for the fieldbus interface;
— the flash-FPGA used throughout the design.
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Early efforts focused on the #ype testing and component batch testing of these parts to determine
their suitability for the FGClites.

The quality of statistics is critical for reliability calculations, as they drive both the mitigation
techniques and overall FGClite reliability. Of particular importance is the predicted HEH fluence in
the LHC tunnel. In this context there is a risk of over-engineering the FGClites by taking an
excessively pessimistic view: layers of redundancy and power-cycling options could be in excess of
the project needs, reducing overall reliability.

The shift away from software towards programmable logic has many implications, ranging from
the skills required from the project team, to quality assurance of the FGClites. Reliability calculations
explained in this paper assume a non-complex system, free from systematic faults. The programmable
logic engineering must be of the highest quality, matching that used elsewhere at CERN, following
guidelines for dependable VHDL design that have been developed in the course of other systems’
developments at CERN [26].

5 Conclusions

This paper has explained the principal effects of radiation on electronic components, and has described
the principal steps needed to design a radiation-tolerant system. The paper included a worked example
showing how radiation-tolerant power converter controls are being developed.
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Abstract

Power converters require passive low-pass filters which are capable of
reducing voltage ripples effectively. In contrast to signal filters, the
components of power filters must carry large currents or withstand large
voltages, respectively. In this paper, three different suitable filter structures
for d.c./d.c. power converters with inductive load are introduced. The
formulas needed to calculate the filter components are derived step by step
and practical examples are given. The behaviour of the three discussed filters
is compared by means of the examples. Practical aspects for the realization
of power filters are also discussed.

Keywords
Buck converter; filter damping; filter optimization; transfer function.

1 Introduction

Switched mode d.c./d.c. power converters very often have the structure shown in Fig. 1.

ol I/
T/ T

Fig. 1: General structure of a switched mode converter

The input transformer and rectifier form a non-controlled d.c.-link voltage with a rather large
voltage ripple. An input low-pass filter is needed to reduce this voltage ripple. This filter deals with
voltage ripples of typically six times the mains frequency and higher-order harmonics of that.
Therefore the components must be designed for frequencies up to a few kilohertz. The capacitor also
acts as a voltage source for the d.c./d.c. converter and therefore has to carry large currents at high
frequencies. Such input filters require rather large components, the requirements regarding high-
frequency behaviour are moderate.

Usually, an output filter is also required to filter the output voltage ripple. An inductive load
acts itself as a very effective filter for the current. However, without the output filter the cabling
between the converter and the load would carry large a.c. voltages with large voltage slopes. That can
cause large electro-magnetic interferences and the cables would need to be shielded. The fundamental
frequency of the voltage ripple is equal to the switching frequency of the converter or a multiple of
that. High-stability converters for accelerator applications must have a high closed-loop bandwidth in
order to react to errors quickly enough. The output filter limits the closed-loop bandwidth; its cut-off
frequency must therefore be as high as possible. On the other hand, the cut-off frequency must be well
below the switching frequency to reduce the ripple voltage effectively. This leads to converters with
rather high switching frequencies of several tens of kilohertz combined with high-order output filters.
The filter components must therefore be designed for frequencies up to a few hundred kilohertz.
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Various structures for passive low-pass filters are listed and evaluated in Table 1 for their

suitability for power converters.

Table 1: Suitable filter structures

For signal filters simple RC circuits are commonly used.
They offer an attenuation of only 20 dB/decade. The full
current flows through the resistor, which causes high losses.

Not suitable!

With an LC structure we get 40 dB/decade, but there is a
large resonance!

Not suitable!

Series damping in order to overcome the resonance problem:
the full current flows through the resistor. If the parasitic
resistance of the inductor is large enough, this might be ok.

Usually not suitable!

Parallel damping in order to overcome the resonance
problem: the full voltage is across the resistor, which causes
high losses.

Not suitable!

Parallel RC damping in order to overcome the resonance
problem: the resonance can be damped effectively and the
losses are reasonable.

Suitable; see Section 2.

Two LC stages offer an attenuation of 80 dB/decade, but
there is again the resonance problem.

Not suitable!

Parallel RC damping in the first stage in order to overcome
the resonance problem: losses are moderate.

Suitable, but not optimal; see Section 3.1.

Parallel RC damping in the second stage in order to
overcome the resonance problem: losses are low.

Suitable; see Section 3.2.

266



PASSIVE POWER FILTERS

2 Design of a second-order low-pass filter

In this section a low-pass filter according to Fig. 2 is outlined.

L, Z(s)

Fig. 2: Second-order low-pass filter
The complex impedance Z(s) is

1 1 RDCDS +1

) Cos+—1 gy CpS  CiRpCps?+ (G + Cp)s @
1 1 1 RpCps + 1
RD + m
The transfer function of the entire filter is then
RDCDS + 1
G(S) _ 172(5) _ Z(S) _ ClRDCDSZ + (Cl + CD)S
(S Lis+Z(s) g o4 RpCps +1
1 ClRDCDSZ + (Cl + CD)S

RpCps + 1

plpS )

T L,C.RpCp $% + Ly (Cy + Cp)s® + RpCps + 1

Note that the s terms in the numerator and in the denominator are equal. Therefore we can write
Eq. (2) as

kis+1

G(s) = ki3s3 +k,s2+kis+1 (32)
with k; = RpCp, (3b)

ky = L1(Cy + Cp), (3¢)

ks = L,C;RpCp. (3d)

G(s) can be expressed as the combination of a third-order PT (time-delay element) in the
denominator and a first-order PD (proportional plus derivative element) in the numerator. Let us have
a closer look at the third-order PT. This can be split into one second-order and one first-order PT, both
connected in series. It can be expressed in its normalized form as

1

s s s2y
(1+alw—0)-(1+a2w—0+b2w—02)

Gpr(s) = 4)

267



R. KUNzZI

The transfer function of such a combination of first- and second-order PTs can be optimized
according to different methods [1], which results in particular values for g; and b;. The commonly used
optimization methods with their corresponding coefficients are given in Table 2.

Table 2: Coefficients for a third-order PT for different optimization methods

Method a a; by

Butterworth 1.0000 1.0000 1.0000
Bessel 0.7560 0.9996 0.4772
Critical damping 0.5098 1.0197 0.2599

By expanding Eq. (4) we get

1
Gpr(s) =
Gy b2 2 O MOy Gby s
1+wos+w025 +wos+ ol se+ g S
1
~ab (aia, + by) (a; +ay) ' ®)
Wo Wo Wo
By comparing the coefficients with Eq. (3a), we get
a; +a,
ki = Rp(p = ——, (6a)
Wo
a,a, + bz
ky =L1(C; + Cp) =———, (6b)
0
a.b
ks = L,C;RpCp = ﬁ (6¢)

For a given optimization method, the three independent Eqs. (6a)—(6¢c) contain five unknowns
(L1, Cy, Rp, Cp, and wy). Therefore, we have the choice to select two of them and the remaining three
depend on that selection.

Selection of the cut-off angular frequency w,: for a given angular frequency wg well in the
blocking area of the filter (wg >> w,) we can define the desired attenuation Gp. In the blocking area
the highest-order terms of both the numerator and the denominator in Eq. (2) dominate; therefore it
can be simplified to

a1+a2

RpCps Wy © a4 ta; we® a;+a; wy?
B L,C,RpCps? al_bZS3 a;b, s? a;b, wp?¥
3
Wo
GB ' ale (7)
wo = wg* |————=.
a, +a,

Selection of C;: if C| serves also as a commutation capacitor of a converter, it carries large a.c.
currents. Therefore its capacitance must often be selected according to the current capability, in order
to limit the temperature rise and to prevent early aging.
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Selection of L,: the inductance L, should be optimized for a reasonable ripple current. For cost
reasons L, should be as low as possible, but a too low inductance results in an excessive ripple current.
As an example, Fig. 3 shows the inductor ripple current for a buck converter.

i, L Aj,

||
||
N
L1
O
||
||

V
‘v vy @ ; t

® ® o— m*T T=1/fs

Fig. 3: Ripple current in the inductor L, of a buck converter

If m is the duty cycle of the switch, the d.c. voltage across C; is m*V4.. When the switch is on,
the current in L, increases and the peak—peak ripple current A/, can be calculated as

dij,
Via =Ly = =Vac—Ver =Vac- (1= m),
AL = m-T diy 1 Vger(1=—m) Vge-(1—m)-m
L= m dt =m ]CS Ll N f; " Ll '
The function (1 — m)*m has its maximum of 0.25 at m = 0.5. Therefore, L, can be calculated as:
0.2
L= Yac - 025 (8a)

fs ALy

Figure 4 illustrates an alternative approach to determine L, for sinusoidal ripple currents and
voltages.

Fig. 4: Ripple current in the inductor L, for sinusoidal ripple currents and voltages

The filter eliminates the voltage ripple of v, nearly entirely, so the voltage ripple in v, is much
smaller. Therefore, the a.c. ripple of v, (with frequency f)) is also present across L; and generates a
ripple current in L;:

I _ V1 _ripple_peak_peak
L1_ripple_peak_peak — . . ’
2-m-fy oLy

V1_ripple_peak_peak

Ly (8b)

2-m-fy- I11_ripple_peak peak
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As mentioned before, we have the choice to preselect two of the three parameters Cj, L;, and
. By substituting Eq. (6a) into Eq. (6¢) we get an equation that can be solved for the remaining
parameter:

a b,
= 9a
G Liwo*(a; + ap)’ O
a b,
L, = , 9b
T Cwe?(ay + ay) o0
a1 b,
wy = |[—————. (9¢)
0 \/Llcl(al + a;)
By solving Eq. (6b) for Cp we get
a,a, + bZ
=< < _C. (10)
p Llwoz !
By solving Eq. (6a) for Rp we get
a, + a;
Rp = . 11
D= (11)

Example 1: Design a second-order filter, which will be placed between a diode rectifier and a
buck converter according to Fig. 5 and will reduce the 300 Hz ripple voltage from the rectifier bridge.
The d.c.-link voltage is 200 V and the ripple current in L; must not exceed 50 A peak to peak. The
design of the buck converter has shown that C; needs to be 22 mF to get a reasonable capacitor
current. Make the design for all three given optimization methods and compare the results.

Fig. 5: Input filter for a buck converter

The diode rectifier produces a 300 Hz voltage ripple of approximately 13% of 200 V, i.e., 26 V
peak to peak. To keep it simple, we consider this ripple to be sinusoidal. That means we can determine
L, according to Eq. (8b) as follows:

V1 _ripple_peak_peak 26 V peak to peak

L, = 276 uH.

“ 2 f1 " I11_ripple_peak peak 273005 1-50A peak to peak

Select L; = 300 uH and C, = 22 mF and calculate the remaining filter components by using
Egs. (9¢), (10), and (11). The results are listed in Table 3.
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Table 3: Results for Example 1

Parameter Butterworth Bessel Critical damping
wo 275 177s™ 1155

fo 44 Hz 28 Hz 18 Hz

L, 300 uH 300 uH 300 uH

C 22 mF 22 mF 22 mF

Cp 66 mF 110 mF 176 mF

Rp 0.11 Q 0.09 Q 0.08 Q

Figure 6 shows the Bode plots of the three filter designs according to Example 1. The three
designs differ only around the cut-off frequency. In the Butterworth optimization Cp is minimal but
with the drawback of a high resonance gain of 4.5 dB. With critical damping, this resonance gain is
reduced to 2.3 dB with the drawback of a large Cp. The Bessel optimization is between the two and

could be a good compromise.

W0FTT R . i :
=== | ———Butterworth

A : : : : : : Critical damping
A0 : HRE : : A T

Q0L R I o R s

30k

Magnitude (dB)

-40F

50

o b L L L N

Phase {deg)

Frequency (Hz)

Fig. 6: Bode plots for the filter designs according to Example 1

Example 2: Design a second-order filter for a buck converter with a d.c.-link voltage of 120 V, a
switching frequency of 20 kHz, and a maximum output current of 500 A; refer to Fig. 7. The ripple
current in L, should not exceed 50 A peak to peak. The filter should have an attenuation of 0.004 at the
switching frequency. Design the filter for all three optimization methods and compare the results.

Fig. 7: Output filter for a buck converter
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Select L in order to meet the ripple requirement by using Eq. (8a):
_ V4025  120V-0.25

YT f-AlL; ~ 20KkHz-50A

= 30 uH.

Select wy in order to meet the attenuation requirement by using Eq. (7):

Gg - a;b;
a, + a;

=2-m*20kHz"

Calculate the remaining filter components by using Egs. (9a), (10), and (11). The results are
listed in Table 4.

Table 4: Results for Example 2

Parameter Butterworth Bessel Critical damping
wo 56205 3600s™ 23405

fo 890 Hz 570 Hz 370 Hz

L 30 uH 30 uH 30 uH

C 528 uF 528 uF 528 uF

Cp 1580 uF 2640 uF 4220 uF

Rp 022Q 0.18Q 0.15Q

Figure 8 shows the Bode plots of the three filter designs according to Example 2. The Bode
plots are similar to the ones for Example 1 except for the frequency scaling. The attenuation at 20 kHz
is —48 dB, which corresponds to a factor of 0.004, as required. The same trade-off between small
capacitor values and low resonance amplitude applies; refer to Example 1.

[ : : ———Butterworth
il .| — — -Bessel H
i Critical damping
—~-10F : :
m 3
= i
g 20k
2 ‘
= ‘
2 -30F
=
A0k
S0k
]
AGE e TN
=]
ai}
=
@ -90F
o
o
~
[ : .
ARG
-180k

10

Frequency (Hz)

Fig. 8: Bode plots for the filter designs according to Example 2
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3 Design of a fourth-order low-pass filter

For the fourth-order low-pass filter there are two alternatives. One of them has the RC-damping circuit
in the first, the other one in the second LC stage. Both alternatives are outlined in detail in Sections 3.1
and 3.2, respectively, and are compared with each other in Section 4.

3.1 Fourth-order low-pass filter with damping circuit in the first LC stage

In this section a low-pass filter according to Fig. 9 is outlined.

Fig. 9: Fourth-order low-pass filter with RC damping in the first LC stage

The complex impedance Z(s) is

2(5) 1 1
S = =
1 1 Cps C,s
st T H T Ot RGsTI T Lo T
DT (Cphs 7227 (C,s
3 (L,Cs* +1) - (RpCps + 1)
T (5 (LyCys? + 1) - (RpCps + 1) + Cps - (LpCy5%2 + 1) + Cps - (RpCps + 1)
3 (LyCys% + 1) - (RpCps + 1) _
N L2C1C2RDCDS4 + L2C1C253 + ClRDCDSZ + Cls + LzCzCDS3 + CDS + CzRDCDSZ + Czs,
L,Cys% +1) - (RpCps + 1
265) = (L2Co5® + 1) (RoCps +1) 1)

L2C1C2RDCDS4 + L2C2(C1 + CD)S3 + RDCD(CI + Cz)Sz + (Cl + CZ + CD)S.
The transfer function can be split into two partial transfer functions G(s) and G,(s):

vy (s) ] v3(s) _ v3(s) .

G(s) = 61(5) : GZ(S) = 171(5) 172(5) - 171(5) '

va(s)  Z(s)
v1(s)  Lis+Z(s)

Gi(s) =

(L,Cys* +1) - (RpCps + 1)

L2C1C2RDCDS4 + LZCZ(Cl + CD)S3 + RDCD(CI + Cz)SZ + (Cl + CZ + CD)S
(L,Cys2 + 1) - (RpCps + 1)

chchRDCDS4 + LzCz(Cl + CD)S3 + RDCD(Cl + Cz)Sz + (Cl + CZ + CD)S

Lis+
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3 (L,Cs% +1) - (RpCps + 1)
"~ L1L,C,CoRpCps5 4+ LiL,Co(Cy + Cp)s* + LiRpCp(Cy + C,)s3 + -

Ly (CL+ Cy + Cp)s2 + LyCoRpCps® + LyCys? + RpCps + 17

6.(s) (LyCys% + 1) - (RpCps + 1)
s) =
1 LlLZCICZRDCDSS + L1L2C2(C1 + CD)S4 + RDCD [Ll(Cl + Cz) + L2C2]53 + .-

T F[L1(Cy + Gy + Cp) + LyCals® + RpCps + 1

1
Cys 1
Go(s) = 2 = > ;
L,s + Cis L,Cys?2+1

G(s) = G1(s) " Gz(s);

)= L1L2C1C2RDCDSS + L1L2C2(C1 + CD)S4 + RDCD [Ll(Cl + Cz) + L2C2]S3 + A

U [Ly(Cy+ Cy + Cp) + LyCyls? + RpCps + 1

Note that the s terms in the numerator and the denominator are equal. Therefore we can write
Eq. (13) as follows:

kis+1
G(s) = kes® + kys* + k;s3 +kys?2+kis+1 (142)
with k, = RpCp, (14b)
ky, = L(Cy + C, + Cp) + LGy, (14c)
ks = RpCp(L1C; + L,Cy + L1 Cy), (14d)
ky = LL,C,(C, + Cp), (14e)
ks = LyL,C,CyCpRp. (14f)

G(s) can be expressed as the combination of a fifth-order PT and a first-order PD. Let us have a
closer look at the fifth-order PT, which is the denominator part of G(s). This can be split in two

second-order PTs and one first-order PT, all connected in series. It can be expressed in its normalized
form as

1
Gpr(s) =

(15)

s s s2 s s2
(1+a1w—0)-(1+a2w—0+b2w—02)-(1+a3w—0+b3w—02)
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The transfer function of such a combination of first- and second-order PTs can be optimized
according to different methods [1], which results in particular values for g; and b;. The commonly used
optimization methods with their corresponding coefficients are given in Table 5

Table 5: Coefficients for a fifth-order PT for different optimization methods

Method a; a, b, as bs

Butterworth 1.0000 1.6180 1.0000 0.6180 1.0000
Bessel 0.6656 1.1402 0.4128 0.6216 0.3245
Critical damping 0.3856 0.7712 0.1487 0.7712 0.1487

By expanding Eq. (15) we get

1
Gpr(s) =
b, a a,a ab b
1+ s+ 2,52+ Lg 1252 4 LLg3 1+ s +—3552
( -z wo® T wg? 0y ) ( P )
1
- b b b b
1+w s+2% 52+ +‘Z:2352+‘2033’s3+w§252+‘2fo3253+---
b2b354+ S+a1a3 +a1b353+a1a2 2+a1a2a353 Foe
0 0 (O 0 w3

N aa,b ab a,aszb a{b,b Z
.t 124354+ 13253+ 134zs4+ 125355
Wo Wo wWo wWo

1
Gpr(s (16)
pr(s) = 1b2b3 §5 4+ (bybs + a1a2b3 + ajaszby) st 4.
wo®° wo*
.t (azbs + azb, + a1b§ +a,a,a3 + a1b2)83 .
(2N
+ (b; + ayaz + b, -;— a;az + a;a,) $2 4 (ay +a, + a3)s + 1'
Wo Wo
By comparing the coefficients with Eq. (14a) we get
a,+a,+a
k; = RpCp = - 3 3; (17a)
Wo
b; +a,a; + b, +aa; + a,a
ky=L,(C,+Cy+Cp)+ 1,0, =—— 23 2 13 172, (17b)

wo2 ’
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k3 = RDCD(L1C1 + L2C2 + L1C2) =

a;bz + azb, + a;b3 + a;aa3 + a1 b,

R. KUNzZI

(17¢)

(2N

ky = L1L,C5(Cy + Cp) =

bybs + aya;bs + ajazb;

)

; (17d)

(1.)04

ks = L1L,C,C,CpRp = SLeLe

(J)OS

(17e)

For a given optimization method, the five independent Egs. (17a)—(17e) contain seven
unknowns (L, L,, C, C,, Rp, Cp, and ®,). Therefore, we have the choice to select two of them and the
remaining five depend on that selection; here we preselect @, and L,. Refer to Section 2 for the

evaluation of L,.

Selection of the cut-off angular frequency w,: For a given angular frequency wg well in the
blocking area of the filter (wg >> w,) we can define the desired attenuation Gp. In the blocking area
the highest-order terms of both the numerator and the denominator in Eq. (13) dominate, therefore it

can be simplified to
a; +a, +a;

Gy

RpCps W, S_a1+a2+a3_a)04_a1+a2+a3_w04

:L1L2C1C2RDCD55: —albzb?’ss ~ ajhybs
5
Wo

4 GB ' a1b2b3
Wy =wg* |————.
0B o, +a,+as

a1 b, bs (UB‘V

(18)

The cut-off angular frequency w, of the filter depends only on the required attenuation and on
the selected optimization method. The equation system (17a)—(17¢) has to be solved for L,, C;, C,, Rp,

and CD.

By solving Eq. (17a) for Cp and substituting Cp, into Egs. (17b)—(17e) we reduce the system to

four equations:
ky
k2 = L1 <C1 + C2 + _) + L2C2;
Rp
ks =ky(L1Cy + LyCy + Ly Cp);

kq
ky =L1L,C, (C1 + —) ;
Rp
ks - k1L1L2C1C2 .

By dividing Eq. (19¢) by Eq. (19d) we get

Ky lalaCa (c.+ ’g—;) (c.+ ’g—;) 1

(192)

(19b)

(19¢)

(19d)

1

ks~ kalilGiC | kG ki GRp

kik4RpCy — ksRpCy = kiks,
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kik
RD = —1 5 X (20)
Cy(kiks = ks)
By substituting Eq. (20) in Eq. (19a) we reduce the system further to three equations:
kiCi(kiky—k
k2=L1(C1+CZ+ ! 1( 14 5))+L262,
kiks
kik,
:LI(CZ >+L2C2—L C2+L Cl k +L2C2,

kik
= (L + Ly)Cy + L1 Cy ;{ —2; (21a)

5
k3 = kl(Llcl + L2C2 + L1C2) ; (21b)
ks = k1L1L2C1C2 . (210)

By solving Eq. (21c¢) for C; and substituting C; in Egs. (21a) and (21b), we reduce the system
further to two equations:

k kik, Ky
> L = C2(L1 + Lz) + — (223)

k, = (L L,)C L,- .
2= (L +L)C + Ly KiLiL,Cy ke LG,

ks ks
k=k<L-— L,C LC) kiCy(Ly + L 22b
3=Ki(lq k1L1L2C2+ 202 +L10; 1G5 (L, + 2)+L262 (22b)
By subtracting Eq. (22b) from Eq. (22a) we get
ks  kiky —k; ky ks kiky, — ks
ky——=———"=Co(Ly+ L)+ ——— Co(Ly + L) — = ;
2k ky et e, AT ki L,Cy o kLG

k1k4 - k5 (23)

C=——F7—"—.
P Ly(kiks — ks)
By substituting Eq. (23) in Eq. (22a) we get
_ (kiks —ks) - (L1 + L) 4 kalp(Riky — k3)

2o Ly(kiky — k3) Ly(kiky —ks) '
(kiks —ks) - (L + L) o ky(kiky — k3) _ kikoky — koks — kikoky + ksky
Ly(kiky — ks3) 2 kiksy — ks kiks — ks
_ k3ky —koks
© kyky— ks

Litl, Iy +1= (k3ky —kyks) - (kik, —k3)

L, L - (kiky — ks)? '
—1 [(k3k4 — kaks) - (kika —k3) 7.
’ (kykes = ks)? '
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L

L, = : 24

2= Uhaky —Fgks) (il —Fp) .
ks — k)2

Example 3: Design a fourth-order filter for a buck converter with a d.c.-link voltage of 120 V, a
switching frequency of 20 kHz, and a maximum output current of 500 A; refer to Fig. 10. The ripple
current in L, should not exceed 50 A peak to peak. The filter should have an attenuation of 0.004 at the
switching frequency. Design the filter for all three optimization methods and compare the results. In
order to enable a comparison between different filter structures (refer to Section 4), the same
parameters are given as in Example 2.

— i

-z —
T

@
Fig. 10: Output filter for a buck converter

Select L in order to meet the ripple requirement by using Eq. (8a):
_ V4025  120V-0.25
Y7 f-AlL;  20KkHz-50A

= 30 uH.

Select wy in order to meet the attenuation requirement by using Eq. (18):
4| Gg *a,b,b 4]0.004 - a,b,b

Wy = Wg - B T2"8 _ 5.gp-20KkHz: |— 17273
a1+a2+a3 a1+a2+a3

Calculate the remaining filter components by using Eqgs. (24), (23), (21c¢), (20), and (17a) in that
order. The results are listed in Table 6. Depending on the selected optimization method, L, is
approximately either double, equal to, or half the size of L,. This leads to a simplified design as L, and
L, can be realized with either two or three identical chokes.

Table 6: Results for Example 3

Parameter Butterworth Bessel Critical damping
wo 23,6005 13,800 5™ 82005

fo 3.75 kHz 2.20 kHz 1.30 kHz

L 30 uH 30 uH 30 uH

L, 57 uH 31 uH 17 uH

C 23 uF 24 uF 25 uF

(@) 26 uF 44 uF 80 uF

Cp 217 uF 342 uF 597 uF

Rp 0.63 Q 0.51Q 0.40 Q
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Figure 11 shows the Bode plots of the three filter designs according to Example 3. The
attenuation at 20 kHz is —48 dB, which corresponds to a factor of 0.004, as required. Compared to the
second-order filter (see Fig. 8) the resonance amplitudes are slightly higher and the same trade-off
between small capacitor values and low resonance amplitudes applies.

[ . L PR T : | ———Buttenworth
~ Dot — — -Bessel H
: Critical damping |

] O 0 TV TNRSO0S NOCDNINFONPNE TS N0 R

Magnitude (dB)

N
=
—

Sof

A5k :
-135F-

‘ ~
S2T0F

Phase {deg)

S35

360 oo .‘ s .. R <.‘. Lot e

Frequency (Hz)

Fig. 11: Bode plots for the filter designs according to Example 3

3.2 Fourth-order low-pass filter with damping circuit in the second LC stage

In this section a low-pass filter according to Fig. 12 is outlined. The derivation is similar to the one in
Section 3.1. For the sake of completeness it is repeated in detail.

Z(s)

Fig. 12: Fourth-order low-pass filter with RC damping in the second LC stage

The complex impedance Z(s) is given by

1 1 RDCDS +1

) Cﬁ"'; Czs_i_i C2RpCps? + (C2 + Cp)s @
1 RpCps +1
Ro + 75 b=D

The transfer function can be split into two partial transfer functions G(s) and G,(s):

vy (s) ) v3(s) _ 173(5)_
vi(s) v2(s)  vi(s)’

G(s) = G1(s) " Gz(s) =
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1
Cis + 1 Lys +Z(s)
Gy (s) = Lys+Z(s)  _ CiLys? + CiZ(s)s+ 1
' Lis+ L Lis+ Lys +Z(s)
Y et 1 T CiLys?+ CZ(s)s +1
12 T Lys+ Z(s)

_ Lys +Z(s)
" LyLyCis3 + LiCiZ(s)s% + (Ly + Ly)s + Z(s)’

Z(s)

Go(s) = m;

Z(s)
LiL,Cys3 4+ L1CZ(s)s? + (L + Ly)s + Z(s)

G(s) = G1(s) " Gz(s) =

RDCDS +1
CzRDCDSZ + (CZ + CD)S

L1C1RDCDS + L1C1 RDCDS +1

L,L,Cys3 +

s2+ (Ly + Ly)s +

CzRDCDSZ + (CZ + CD)S CzRDCDSZ + (CZ + CD)S

_ RDCDS +1
"~ LL,C,C,RpCps® + (C, + Cp)L1L,Cys* + L1 C{RpCps3 + L, Cys2 + -

o (L + L) CyRpCps® + (Ly + Ly)(Cy + Cp)sZ + RpCps + 1

RDCDS +1

G(s) =
(S) L1L2C1C2RDCDSS + (CZ + CD)L1L2C154 + -

R. KUNzZI

(26)

¥ [LCRpCp + (Ly + Ly)CoRpCpls® + [LiCy + (L + Ly)(Cy + Cp)]s2 + RpCps + 1

Note that the s terms in the numerator and the denominator are equal. Therefore we can write

Eq. (26) as

kis+1

G = )
) kes® + kys* + k3s3 + kys? + kys+ 1

with k; = RpCp;
ky = L1(Cy + C3 + Cp) + Lo (C; + Cp);
ks = RpCp(L1Cy + LyCy + L1 Cy);
ky = L1L,C1(C; + Cp);

k5 = L1L2C1C2CDRD.

(27a)

(27b)
(27¢)
(27d)
(27¢)

(271)

G(s) can be expressed as the combination of a fifth-order PT and a first-order PD. Let us take a
closer look at the fifth-order PT, which is the denominator part of G(s). This can be split in two
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second-order PTs and one first-order PT, all connected in series. It can be expressed in its normalized
form as

Gpr(s) = 2 2 (28)
S S S S S
(1+a1w—0)-(1+a2w—0+b2w—02)-(1+a3w—0+b (1)2)

The transfer function of such a combination of first- and second-order PTs can be optimized
according to different methods [1], which results in particular values for a; and b;. The commonly used
optimization methods with their corresponding coefficients are given in Table 7.

Table 7: Coefficients for a fifth-order PT for different optimization methods

Method a a b, as b;

Butterworth 1.0000 1.6180 1.0000 0.6180 1.0000
Bessel 0.6656 1.1402 0.4128 0.6216 0.3245
Critical damping 0.3856 0.7712 0.1487 0.7712 0.1487

By expanding Eq. (28) we get
1

Gpr(s) =
(1+22 s+b252+ s+ %5 2+0‘1b2 ) A +22 s+b252)
0 (1)0 (l)

1+ s+b252+ 2523 s? 2 4 92bg
Wo wo? wg?

b a3b2 3

252+ s3+-
wo?

s3+

bb aa ab aa aa,a
LOLERE Y oS+ 352+—1 353+ Fs2 4+ L2363 4o
ot Wo (O (Oh) Wo

' aa,b ab a,aszb a{b,b Z
.t 124354+ 13253+ 134zs4+ 125355
0 Wo wWo wWo

1
a1b2b3 55 + (b2b3 + a1a2b3 + a1a3b2) S4 + .-
wg® wo*

Gpr(s) = (29)

(azbs + asby + a1bs + 410,03 + a4 by) 5 .

..+
wg3

+ (b3 + a,as + b, + aja; + a;a,) $2 4 (a; +a, +as)

s+1
wo? wo

By comparing the coefficients with Eq. (27a) we get
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k. =R o taytaz
1= DCD——wO ; (30a2)

bs + azaz + b, + a;a3 + a1a;

k, =L(C;+ Cy + Cp) + L,(C, + Cp) = 0o ; (30b)
ky = Ry Cp (LyCy + LyCy + Ly Cy) = azbs + azb, + al(f33+ a;aaz + albz; (300)
0
ky =L1L,C1(C; + Cp) = babs al(jjb: * a1a3b2; (30d)
0
ke = LyL,C,C,CoRp = alcfzsb 3 (30¢)

0

For a given optimization method, the five independent Egs. (30a)—(30e) contain seven
unknowns (L, L,, Ci, C,, Rp, Cp, and wg). Therefore we have the choice to select two of them and the
remaining five depend on that selection; here we preselect @, and L,. Refer to Section 2 for the
evaluation of L.

Selection of the cut-off angular frequency w,: For a given angular frequency wg well in the
blocking area of the filter (wp >> w,) we can define the desired attenuation Gg. In the blocking area
the highest-order terms of both the numerator and the denominator in Eq. (26) dominate, therefore it
can be simplified to

a, +a, +as

o= RpCps B W, S_a1+a2+a3_a)04_a1+a2+a3_w04_
B LL,CCoRpCps® %55 "~ aybybs st ajbybs wpt’
Wo

wg = wy | LB Aab2bs 31)
a; +a;+as

The cut-off angular frequency w, of the filter depends only on the required attenuation and on
the selected optimization method. The equation system (30a)—(30e) has to be solved for L,, C, C,, Rp,
and Cp.

By solving Eq. (30a) for Cp and substituting Cp in Egs. (30b)—(30¢) we reduce the system to
four equations:

k k
ky =Ly <C1 +C + _1) + L, (Cz + —1); (32a)
Rp Rp
k3 = kl(Llcl + L2C2 + L1C2); (32b)
ky
ky=L1LyCy (Cz + —); (32¢)
Rp
k5 = k1L1L2C1C2. (32d)
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By dividing Eq. (32c) by Eq. (32d) we get:

b _ bk (Gr) (G+Ry)

ks kyL,L,C;C, —  kiC,
kik
kik,Cy — ksCy = - 5;
Rp
kik
RD = —1 5 . (33)
Co(kiky — ks)
By substituting Eq. (33) in Eq. (32a) we reduce the system further to three equations:
k1 Co(kiks — ks) k1 Co(kiks — ks
k,=1L (C C ) L (C )
2 =L\Cp+ 0+ Kike + L\ G2+ kike
k.k kik k.k kik
=1L, (cl +C(14+——— 1)) +L, (62(1 2 1)) =L,C; + —L,Cy + —21,C,
ks ks ks ks
k.k
= L1Cy + Coly + Ly) 5= (342)
5
k3 = kl(Llcl + L2C2 + L1C2); (34b)
ks = k1L1L2C1C2. (340)

By solving Eq. (34c) for C; and substituting C; in Egs. (34a) and (34b) we reduce the system
further to two equations:

1k4-

k C,(L L ; 35a
2= k1L2C2 ———+ C(Ly + L) —— s (35a)
ke ks
—_ C,(L L 35b
3 k1L2C2+ 2(Ly + Ly). (35b)

By subtracting Eq. (35b) from Eq. (35a) we get

(k1k4 1) kiky —ks _kiky — ks

k3
ko, — PR Co(Ly +Ly) s I s

1

C(Lqy + Ly);

ks(kiky — k3)
ky(kiky —ks)(Ly + L)

C, = (36)

By substituting Eq. (36) in Eq. (35a) we get

_ ksky(kiks —ks)(Ly + Ly)  kyksks(kiky — k3)(Ly + Ly)
2 kiks(kiky, — k3)L, kiks(kiky — ks)(Ly + Ly)

_ Uaka = kes) (Lo + Lo) | ka(kiky = ks)
(kiky = k3)L, (kiky —ks)
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(kiky —ks)(Ly+Lo) _  kalkaky —ks) _ kikaks — koks — kikoka + ksky
(kiky — k3)L, 2 kyks — ks kiky — ks
_ k3ky — kyks
© kyky— ks

L +1L, _ Ly 1= (ksky — kyks)(kiky —k3)

L, L, (kiky — ks)? '
L =1, [(k3k4 - kaS)(klkZZ —ks3) _ 1];
(kiks — ks)
L, = Ly
27 (kzky — koks)(kiky — k3) 1
(k1ky — ks)?

(37)

Example 4: Design a fourth-order filter for a buck converter with a d.c.-link voltage of 120 V, a
switching frequency of 20 kHz, and a maximum output current of 500 A; refer to Fig. 13. The ripple
current in L, should not exceed 50 A peak to peak. The filter should have an attenuation of 0.004 at the
switching frequency. Design the filter for all three optimization methods and compare the results. In
order to enable a comparison between different filter structures (refer to Section 4), the same

parameters are given as in Examples 2 and 3.

L,
—(O01A — AN\ C¢=
T @ @ o

Fig. 13: Output filter for a buck converter

Select L in order to meet the ripple requirement by using Eq. (8a):
_ V4025  120V-0.25
7 fi-Al, ~ 20kHz-50A

= 30 uH.

Select w, in order to meet the attenuation requirement by using Eq. (31)

4| Gga1byb +10.004 - a.b,b
wO:wB.\/uzz.n.ZOkHz.\/¢_

a, +a; +as a; +a;+az

Calculate the remaining filter components by using Eqgs. (37), (36), (34c), (33) and (30a) in that
order. The results are listed in Table 8. Depending on the selected optimization method, L, is
approximately either double, equal to, or half the size of L,. This leads to a simplified design as L, and

L, can be realized with either two or three identical chokes.
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Table 8: Results for Example 4

Parameter Butterworth Bessel Critical damping
wo 23,600 s 13,800 s 8200s™

fo 3.75 kHz 2.20 kHz 1.30 kHz

L, 30 uH 30 uH 30 uH

L, 57 uH 31 uH 17 uH

C 74 uF 90 uF 124 uF

G 7.9 uF 12 uF 16 uF

Cp 75 uF 168 uF 382 uF

Rp 1.83 Q 1.05Q 0.62 Q

Figure 14 shows the Bode plots of the three filter designs according to Example 4. They are
exactly the same as for Example 3. The attenuation at 20 kHz is —48 dB, which corresponds to a factor
of 0.004 as required. Compared to the second-order filter (see Fig. 8) the resonance amplitudes are
slightly higher and the same trade-off between small capacitor values and low resonance amplitudes
applies.

—
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T L i — — -Bosszeal _
: : - N Critical damping |

L
=

1
[
L

|
(%)
L]

Magnitude {dB)

I
o

1
T
L}

Fhase (deg)

Frequency (Hz)

Fig. 14: Bode plots for the filter designs according to Example 4
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4 Comparison of different filter designs

In Examples 24 we have designed three filters with different structures but with the same
performance (attenuation factor of 0.004 at 20 kHz). This allows a direct comparison of the three filter
structures. Table 9 summarizes the results for the Bessel optimization.

Table 9: Results for Bessel optimization Examples 2—4

Parameter Example 2 Example 2 Example 2 Example 3 Example 4

Ly =100 uH L, =100 uH

Gp=0.01

L 30 uH 100 uH 100 uH 30 uH 30 uH
L, 31 uH 31 uH
C 528 uF 158 uF 63 uF 24 uF 90 uF
G 44 uF 12 uF
Cp 2640 uF 790 uF 320 uF 342 uF 168 uF
C+C+Cp 3168 uF 948 uF 383 uF 410 uF 270 uF
Rp 0.18Q 0.62 Q 0.98 Q 051 Q 1.05 Q
Jo 570 Hz 570 Hz 910 Hz 2200 Hz 2200 Hz
Losses in Cp 026 W 0.076 W 030 W 37TW 0.042 W

In Example 2 (second-order filter) the total installed capacitance (C; + C, + Cp) becomes huge
and the resulting cut-off frequency is low compared to Examples 3 and 4 (see Table 9). In order to
achieve comparable capacitances for Example 2, two alternative filters have been calculated. The first
alternative has a larger inductance L;, which reduces the total capacitance remarkably. The transfer
function stays the same (same Bode plot, see Fig. 15). The selection of L, allows an optimization of
the components in terms of space required, weight, costs, etc., but in general it is much cheaper to
store energy in capacitors than in inductors. The second alternative also has a larger inductance L; and
additionally the attenuation factor was relaxed to 0.01 (instead of 0.004). This modification reduces
the total capacitance further and the cut-off frequency becomes higher. However, the drawback is a
higher output voltage ripple.

Examples 3 and 4 are both fourth-order filters and they have the same transfer function (see the
Bode plot in Fig. 15). The only difference is the placement of the damping circuit. Example 4
(damping circuit in second LC stage) is the preferred solution for two reasons: first, the total
capacitance is remarkably smaller, which is a space and cost factor. Second, the power dissipation in
Rp is three orders of magnitude smaller! Although losses of 37 W might still be acceptable, it requires
a larger element, which needs to be cooled sufficiently.

At first glance, the fourth-order filter is more complex, and therefore it is often considered as
non-practical. However, the comparison in Table 9 reveals several advantages. High precision power
converters need high bandwidth in order to react rapidly to errors. The closed-loop bandwidth is
limited by the output filter cut-off frequency (see the Bode plot in Fig. 15). Therefore, higher-order
filters, as presented in Example 4, are the preferred choice. If we compare Example 2 with
L, =100 uH with Example 4, there is in total 1.6 times more inductance and 3.5 times more
capacitance needed to obtain the same attenuation.

Figure 15 shows the comparison of the five examples listed in Table 9. Note, that for Example 2
the two alternatives with L; = 30 uH and L, = 100 xH have the same transfer function. Also the Bode
plots for Examples 3 and 4 are identical.
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Fig. 15: Bode plots for the filter designs according to Examples 2—4 with Bessel optimization

5 Practical aspects

5.1 Load impedance

The presented calculations do not consider the load impedance. In many cases, where the load
impedance is high enough and inductive (magnets), this approach is acceptable. However, if the load
impedance is low and/or complex, it has an impact on the filter behaviour. In that case, the load
impedance has to be considered in the calculation, or at least the complete circuit has to be analysed.

5.2 Parasitic circuit elements

The presented calculations were made considering ideal elements. In practice, this is not the case. As
an example, the parasitic resistances and inductances of C; and C, in Example 4 should be estimated
by considering two alternatives: a ‘good’ and a ‘bad’ design. There are two main effects to be
considered: the cable that connects C; and C, to the circuit, and the ESR (equivalent series resistance)
of these two capacitors. In the damping circuit these effects do not have a significant impact.

For the ‘bad’ design we use a 50 cm long wire with a cross-section of 16 mm” to connect C; and
a 50 cm long wire with a cross-section of 2.5 mm? to connect C,. Due to the skin effect, the effective
cross-sections of the wires are reduced to 6.3 mm’ for C; and 2.0 mm® for C,. These wires add
parasitic resistances and inductances of 1.40 mQ and 0.53 4H to C,, and 4.2 mQ and 0.63 xH to C,.
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It is strongly recommended, that C, and C, are connected as directly as possible (using shorter
connections) to the main bus bars. If we consider connections shorter by a factor of 5 (10 cm) for the
‘good’ design, the parasitic elements are reduced to 0.27 mQ and 0.075 uH for C;, and 0.83 mQ and
0.093 uH for C,.

The ESR values are given in the data sheets. The situation can be improved by selecting good
capacitors with a small ESR and by paralleling many small capacitors rather than only a few large
ones. The ESR values from a data sheet are given in Table 10 for capacitors suitable for the realization
of the output filter according to Example 4 with critical damping (see Section 3.2).

Table 10: ESR of metalized film capacitors

Capacitor ESR

1.5 uF /250 V 6.8 mQ
10 uF /250 V 1.8 mQ
20 uF /250 vV 1.9 mQ
60 uF /250 V 1.9 mQ

According to Example 4 with optimization method critical damping, C; should be 124 uF and
C, should be 16 uF. The filter should be realized with capacitors from Table 10.

For the ‘bad’ design, we use two 60 uF capacitors with a resulting ESR of 0.95 mQ for C, and
one 20 uF capacitor with an ESR of 1.9 mQ for C,. Refer also to Table 11.

For the ‘good’ design, we use 12 10 u4F capacitors with a resulting ESR of 0.15 mQ for C, and
11 1.5 uF capacitors with a resulting ESR of 0.62 mQ for C,. Refer also to Table 11.

Figure 16 shows the fourth-order filter as outlined in Section 3.2 expanded with the parasitic
elements.

@
Fig. 16: Fourth-order filter with parasitic elements

The corresponding element values are listed in Table 11 for three different designs called
‘ideal’, ‘good’, and ‘bad’. The main filter elements are rounded to practically realizable values.
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Table 11: Filter components including parasitic elements

Parameter Design Design Design
‘ideal’ ‘bad’ ‘good’
L, 30 uH 30 uH 30 uH
L, 17 uH 15 uH 15 uH
C 124 uF 120 uF 120 uF
ESR(, 0 mQ 0.95 mQ 0.15 mQ
R 0 mQ 1.40 mQ 0.27 mQ
Lo 0uH 0.53 uH 0.075 uH
G, 16 uF 20 uF 16.5 uF
ESR 0 mQ 1.90 mQ 0.62 mQ
Ry 0 mQ 4.20 mQ 0.83 mQ
L 0uH 0.63 uH 0.093 uH
Cp 382 uF 360 uF 360 uF
Rp 0.62 Q 0.60 Q 0.60 Q

Figure 17 shows the Bode plots for the three designs listed in Table 11. For the ‘bad’ design,
there is a steep phase shift right at the switching frequency, and the higher harmonics of the switching
frequency are suppressed much less than in the ideal design. For the ‘good’ design in principle the
same occurs, but at higher frequencies and at a much lower amplitude level.

Magnitude (dB)

P ———"ideal design' ]
FEE : F S Poi 1] — — baddesign’ |
I O SO PP VOt PR PE SUUR PO SO . N TP UE PERPPORT PP ORI

'‘good design' H

Phase (deqg)

BT

10

Frequency (Hz)

Fig. 17: Bode plots for the filter designs with parasitic elements
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Abstract

Risk is a fundamental consideration when designing electronic systems. For
most systems a view of risk can assist in setting design objectives, whereas
both a qualitative and quantitative understanding of risk is mandatory when
considering protection systems. This paper gives an overview of the risks
due to stored magnetic and beam energies in high-energy physics, and shows
how a risk-based approach can be used to design new systems mitigating
these risks, using a lifecycle inspired by IEC 61508. Designing new systems
in high-energy physics can be challenging as new and novel techniques are
difficult to quantify and predict. This paper shows how the same lifecycle
approach can be used in reverse to analyse existing systems, following their
operation and first experiences.

Keywords
Risk; machine protection; safety; accelerators; IEC 61508.

1 Introduction

Modern high-energy physics (HEP) machines run with large stored energies. These pose a risk: if
energies are released in an uncontrolled manner, there is the potential for damage to accelerator
components and an impact on operational availability, as machines have to be stopped and repaired
before operations can continue. Risks due to stored energies are studied, and ultimately mitigated by
dedicated machine protection systems (MPS). Risk-based approaches should be part of every
engineer’s toolbox: this is particularly important in the development of systems related to protection.
This paper outlines the fundamentals of machine protection, giving an overview of the approaches
used in the powering and protection of HEP machines.

1.1 The Large Hadron Collider

The Large Hadron Collider (LHC) is the world’s most powerful particle accelerator and one of the
world’s largest and most complicated machines, having been conceived and designed over the course
of the last 30 years. This machine represents the cutting edge of accelerator technology. Figure 1
shows a simplified schematic of the LHC, where two counter-rotating beams (Beam-1 and Beam-2)
are injected and brought into collision at dedicated experiments located at four of the eight insertion
regions (IR) of the machine.

Beams are transferred to the LHC from the Super Proton Synchrotron (SPS), which is the final
machine in a complex of accelerators that prepare LHC beams. It takes 12 injections of beam from the
SPS to completely fill each of the LHC’s two rings. Once filled, the LHC accelerates the beams by
means of a radio-frequency (RF) system. The dipole magnetic field is increased in step with the
increase in beam energy, ensuring that each circulating beam maintains a consistent beam orbit. Once
physics energy is reached, the beams are squeezed and brought into collision. Experiments then gather
data, before the machine is emptied, and the process restarted. This process is referred to as the LHC
machine cycle and is shown in more detail in Fig. 2.
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Fig. 1: LHC schematic and insertion regions
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Fig. 2: LHC cycle with main dipole current and approximated beam intensities

2 Risks due to stored energies

The two principal sources of energy in large physics machines are the powering circuits, in the form of
stored magnetic energy, and the beam.

The LHC is designed to provide a centre-of-mass collision energy of 14 TeV (10" eV). This
gives around 360 MJ stored beam energy per beam, over 100 times larger than any other machine. To
circulate the 7 TeV beams in the 27 km circumference of the machine, magnetic fields of 8.3 T are
needed. These fields require superconducting dipole magnets operating at 13 kA, at only around 2°C
above absolute zero (about —271°C). At nominal current, around 10 GJ is stored as magnetic energy in
the whole magnet powering system. Figure 3 compares the stored magnet and beam energies in the
LHC with those of other HEP machines.
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Fig. 3: Comparative energy levels in the LHC and other HEP machines [1]

With these parameters, there is a high chance of particle impacts causing a magnet to quench,
where superconductor becomes resistive, and action must be taken to prevent damage to the magnets.
Losing excessive beam energy in a part of the machine can cause other kinds of damage, such as
rupturing the machine vacuum [2]. Table 1 shows the percentages of prompt beam energy losses
considered as quench and damage limits of the LHC.

Table 1: Quench and damage levels due to prompt beam energy loss [3]

Energy [GeV] Beam energy loss [%] Consequences
450 0.000 8 Quench
450 0.5 Damage
7000 0.000 0005 Quench
7000 0.005 Damage

In the best case, damage events would result in repairs and downtime; in the worst case there
are potential failures that could result in the closure of the laboratory for significant periods of time.
One incident regarding an uncontrolled loss of energy from the magnetic circuits has already occurred,
and it resulted in CERN’s accelerators being closed for over a year to make repairs and to design
mitigations. Table 1 represents the key design challenge of machine protection.

At the same time, machines such as the LHC must operate. The performance should be taken as
close to operational limits as permitted, whilst at the same time being protected. To accomplish these
goals, machine protection systems (MPS) are designed and implemented.

3 Machine protection systems (MPS)

At CERN, an MPS has been developed to bring the risks of running the LHC down to an acceptable
level. The development process has followed a deep-thinking academic approach as machine
protection is not a legal requirement of the LHC project and the MPS is not a safety system, although
the two are closely related. In the LHC, the safety system is the LHC Access System, ensuring the
collective protection of the personnel against electrical and radiological hazards arising from the LHC
accelerator [4].
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The MPS is split into two sections, to address the two different classes of risk:

— beam-related machine protection — protecting the LHC against damage due to the accidental
release of beam energy, caused by losing beam particles;

— powering machine protection — protecting the LHC against damage due to the accidental
release of energy stored in the magnet powering circuits.

Figure 4 shows the relationship between these different systems. In order to correctly protect
people and the environment from the risk of operation, the safety system does not require the correct
function of the MPS. However, without the MPS, an activation of the safety system would put the
LHC machine at risk, as the safety actuators are designed to sacrifice the machine in order to protect

the personnel.
[ Jpb<
Actuators

I
Beam
- [ =<
protection I
|
I
Powering |
— B
protection < |
I
|
I
I

W

|; Powering | —

Fig. 4: Safety and machine protection system relations

MPS are conceived on the basis of two principles:

— machine safety — the machine must be protected from damage, and should be prevented
from unduly wearing out its components;

— machine availability — the machine must provide beams for physics applications.

The machine safety to availability balance is a crucial concern in MPS development. A machine
that is entirely safe may have low availability, as increasing safety can mean reducing tolerance to
non-nominal situations. On the other hand, if the tolerance to non-nominal situations is increased, the
safety is generally reduced, whilst the availability is increased.

3.1 Non-nominal energy release

Damage to the machine related to energy is triggered by non-nominal energy release: energy releases
that cannot be corrected for by using feedback systems or passive protection. Therefore the MPS is
based on a combination of two phases.

—  Prevent non-nominal energy release — intervene in a failure chain that may lead to a non-
nominal release. It is known that following the failure of certain components, without
intervention, energy release will eventually occur.

—  Protect equipment from the consequences of non-nominal energy release — intervene if non-
nominal energy release occurs, by mitigating the consequences of the release.
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3.2 Beam energy protections

In the case of non-nominal beam energy loss, the protection phase intervention is performed in three
steps, by three types of subsystem, as shown in Fig. 5.

LHC
Beam b
Equipment|—>|interlock|—> eam
dumping
system system
system

Fig. 5: Principal components of the beam-related MPS

—  Equipment systems are designed to detect non-nominal beam conditions and send beam
abort requests to the Beam Interlock System;

— The beam interlock system transmits the beam abort request to the LHC beam dumping
System;,

— The LHC beam dumping system carries out the controlled abort of LHC beam operation, and
the dissipation of stored beam energy.

Some failure modes mean that a failure can lead to a dangerous situation in just a few turns of
the machine [5]. To protect the LHC from these fast failure modes, the beam-related protection
intervention must take place within several hundred microseconds.

3.3 Powering protection

At design values, the stored energy of all LHC magnet circuits is almost 10 GJ. Powering systems are
divided into eight principal subsectors to bring the energy stored in each powering circuit to levels
similar to that of other machines [6]. A combination of three key systems performs the intervention in
the protection phase intervention as shown in Fig. 6.

Quench

protection
Power | system | Powering
converter I: interlock
éﬁ controller

loop

Fig. 6: Principal components of the magnet powering-related MPS
— A quench protection system detects non-nominal magnet conditions, opens energy
extraction switches, and transmits a powering abort request to the power converters.
—  The power converter stops supplying power to affected circuits.

— In addition, a powering interlock controller links related powering circuits, and other
subsystems having an influence on LHC magnet powering.

For magnet powering system protection, an intervention must take place within several
milliseconds.
3.4 Protection, safety and control interactions

The safety system is the access system. If intrusion of personnel into the machine environment is
detected during operation the access system automatically moves beam stoppers into the LHC beam
lines [4]. If circulating LHC beam were to hit these beam stoppers, there would be significant beam
losses and the LHC would be damaged. Therefore the access system is connected to both the LHC

295



B. TOoDD AND M. KWIATKOWSKI

beam dumping system, and the beam interlock system. If the access system is triggered, the beam-
related MPS protects the LHC from the dangers posed by the beam stoppers.

Three of CERN’s central systems are also shown in Fig. 7. The control system provides general
supervision and an overview of all accelerator subsystems. The timing system synchronizes all of the
accelerator subsystems. Also shown is the safe machine parameters (SMP) system, which is closely
related to the MPS. SMP controls the MPS mode; it ensures a consistent configuration of the most
critical MPS subsystems. For example, the beam energy losses quench and damage thresholds change
as a function of beam energy, as shown in Table 1. SMP broadcasts machine energy throughout the
complex, where it is received by, amongst others, the beam loss monitor (BLM) system, and is used to
determine whether beam losses are putting the machine at risk.

Interconnections between safety, beam-related machine protection and power protection
systems are shown in Fig. 7.
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[ [ [ |
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[% system %]

Radio frequency system—>

Essential controllers—>

Power

. N Auxiliary controllers
iowir S Discharge circuitsé—| interlock ry -
converter:
Cryogenics—> controllers Warm magnets—>
General emergency stopé&—> Beam television—
Uninterruptible supplies<—> Control room—>

Collimation system—>

Experiments—
I Beam

Vacuum system—> | interlock | ¢<~Beam interlock system —> Beam
A system dumping
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Fast magnet current changes—> system

Beam loss monitors (aperture)—>
Beam loss monitors (arc)—>

Software interlock system—>

Injection systems<>

[ 1

Safe machine parameters

Fig. 7: Combined view of safety, protection, and control system interconnections

4 Protection system lifecycle: Designing new systems

In order to ensure that risks are mitigated a complete development process needs to be put into place.
This ensures that correct decisions are taken at all points during system development. Considering
this, the domain of machine protection shares several similarities with the domain of system safety,
where MPS is the equivalent to a safety system.

Several industry standards exist, each ensuring that the process of developing safety systems
can be proven, and that safety cases can be made. The central standard upon which most modern
standards are based is IEC 61508 Functional Safety of Electrical, Electronic & Programmable
Electronic Safety Related Systems [7], as shown in Fig. 8. IEC 61508 has been used as a basis from
which to create the protection system lifecycle, which is outlined in this chapter.
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Fig. 8: IEC 61508 as a template for other safety standards [8]

With some appropriate conditioning and interpretation, many system-safety techniques,
principles, tools, and guidelines can be applied to machine protection. The key steps in the protection
system lifecycle are shown in Fig. 9. This is tailored to CERN’s academic, non-legal environment,
giving a less-rigorous framework than I[EC 61508, while establishing best practices and the
requirements for MPS development. This process has to be carried out within an organizational
structure that is adapted to the role of machine protection. Appendix A outlines the structure currently
in place at CERN.

Good understanding of machine,
equipment and operations

N

| Hazard chain identification and analysis |

N

| Risk classification |

4
: Risk reduction determination I—

N2

System | Protection function specification |
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& beam
commissioning

| Individual system tests & commissioning |

N2

| Machine checkout & beam commissioning |

2

Fig. 9: Protection system lifecycle [7]

The first steps of the lifecycle are outlined below, with key information captured while
following the process (Fig. 10). This begins with an understanding of risk, and ends with subsystem
specifications. The principle is that for each risk identified, it can be proven that adequate mitigation is
in place, and that the quality of mitigation is proportional to the risk being mitigated.
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Fig. 10: Key data for each step of the protection system lifecycle [7]

4.1 Hazard identification and analysis

The first step is to identify hazard chains, which link failures to damage through a series of events
and/or conditions. The granularity of these depends on the functions being studied, and the types of
systems involved in the chain. This step results in the creation of a failure catalogue, containing all of
the hazard chains that link failures, non-nominal energy deposition, and damage. The template for a
failure chain is shown in Fig. 11, with an example explained on the right-hand side.

For each chain, two time constants should be recorded:

— AT, the time between the failure occurring at the start of the chain and the first non-nominal
energy deposition taking place;

— AT, the time between the first non-nominal energy deposition and damage occurring.

Dipole power converter

failure
N
Hazard chain = Dipole powering incorrect
P N
f Magnetic field incorrect
e
: v
T,
: e Beam encounters "
n non-nominal field
N t J
E/Cy Beam is deflected
N/ N2
E/C, Beam halo touches aperture
N N
Non-nominal Non-nominal
energy deposition energy deposition
N2 P J/
E/Cy r
: 0 Beam energy deposited in
v t accelerator equipment d
E/C,, e
y : l
T

Fig. 11: Hazard chains, prevent, protect and time definitions [7]

Chains that have a small total time (7, + T,) between initial failure and damage can be more
difficult to mitigate: less time is available to observe and take action; whereas chains that take a longer
overall time to evolve may be more readily observed, and more easily mitigated.
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The ratio between T, and 7} is also important. Failures may take a longer time to lead to non-
nominal loss, but then quickly lead to damage, or vice versa. In these cases mitigations must focus on
different aspects of the chain, either prevention or protection.

In the example given above, several chains will be created, each for a different magnet failure
and magnet families, each having different times between energy deposition and damage.

4.2 Risk classification and risk matrix

Risk is defined as a product of probability and impact [8]. The higher the product, the higher the risk.
A risk matrix is a visual means of representing this. On one axis is indicated probability, and on the
other axis is impact, with coordinate points representing the individual risks. A typical matrix, with a
risk plotted, is shown in Fig. 12.

Impact

Risk
Negligible Low Medium High

High
- g .
= | Medium
!
”§ Low
&
Negligible

Fig. 12: Risk matrix

The matrix in Fig. 12 is qualitative; this should be converted into a quantitative matrix by
appropriate experts. The definition of impact in the case of HEP could be a quantity such as repair
time, number of magnets damaged, or cost to repair. In addition to the definition of the axes, the
relative risk level for each area should also be qualified, by splitting the matrix into zones of
equivalent risk. The typical approach is to choose four or five levels of risk. An example is shown in
Fig. 13.

Days of repair [magnets damaged]

104-10°

10°-10°

Probability [h]

Fig. 13: Risk matrix with defined impact and risk levels

A risk level 1 is generally considered ‘as low as reasonably possible’ (ALARP). When a risk
has this level, no mitigation is needed: the risk is accepted. The process of conversion from qualitative
to quantitative, and the definition of boundaries, is subjective. There is no standard risk matrix: what is
considered as ALARP for one organization or machine may be unacceptable to another.

Each of the hazard chains previously identified should have the associated risk plotted and
classified using the risk matrix.
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4.3 Risk reduction level (RRL)

For each of the risks plotted, a risk reduction level (RRL) is required to bring the risk to the ALARP
level: higher risks require a larger RRL (Fig. 14). These RRL are added to the failure catalogue.

Original | Desired RRL
4 1 3
3 1 2
2 1 1

Fig. 14: Risk reduction level definitions

4.4 Protection function specifications
For each hazard chain and associated risk, mitigations must be identified.

The first step is to determine whether there is a means to remove the hazard chain and risk
entirely. It may be possible to change the machine architecture to render some chains impossible. If
the risk cannot be removed, then protection functions should be conceived. These are to intervene in
the chains, achieving the required risk reduction levels. A single chain may have several related
functions; similarly, a single function may be used to intervene in several chains. If a single chain is
broken in multiple places by multiple functions, then the required RRL is shared between the
functions.

Functions that affect the HC before non-nominal energy losses occur are prevention
mechanisms, whereas functions that intervene after non-nominal energy loss, but before damage, are
protection mechanisms.

4.5 Protection integrity level (PIL) specifications

The protection functions are collected, and gathered into technical solutions, which are then assigned
to systems. A single system may implement several functions, and a single function may be used to
break several hazard chains.

In Fig. 15, hazard chain 1 (HC,) orbit feedback failure has three protection functions that
intervene to prevent damage. All three functions would have to fail for damage to result. The overall
risk is 3, the overall RRL is therefore 2. PF,, PF,, and PF; must combine to reach this level. However,
in hazard chain 2 (HC,) training quench, only PF; interrupts the chain. In this case the risk is 4, giving
a RRL of 3. Therefore PF; extract energy from powering systems has to meet the most strenuous
requirement of RRL of 3. This is assignment of the so-called protection integrity level specification
for the protection function.

HC, HC,
Orbit feedback failure Training quench
Y - Magnets Damaged
X PF, = Abort on beam position changes
4 One Few Some Many
X PF, = Abort on excessive beam losses
N High C
oy
Energy Energy = | Medium C
deposition deposition <
=)
N2 N} ° Low
%
—— PF;=Extract energy from powering system ..
X } & P € sy X Negligible v ¥
v v
Risk =3 Risk = 4

Fig. 15: An example of hazard chains and protection functions, with risks and risk matrix
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4.6 Meeting specifications

The specified protection function has to be realised, and the specified PIL has to be demonstrated; in
addition, the subsystem must meet the time constraints 7, and 7, as determined above. The
development of high-dependability systems to meet protection requirements forms the central topic of
several Ph.D. theses undertaken at CERN, see Appendix B for more information.

4.7 Operation and ongoing assurance

The steps following this are installation, testing, commissioning, and finally the handover of the
system to operations.

A vital aspect to consider is that the ongoing operation of the machines should always be
comparing the observed failure modes and failure rates against what was expected in the hazard chain
and risk analysis. For this reason a failure catalogue should be maintained, and each activation of the
MPS should be checked to ensure that the MPS is reacting correctly, and that no unforeseen hazard
chains occur. If new chains are discovered, the risk analysis is repeated, to build adequate
mitigation [9].

5 Protection system lifecycle in reverse: Analysing existing systems

The risk-based approach can also be used to analyse existing systems and functions. This chapter
presents a case study where risk-based analysis is used to consider the existing powering protection in
the LHC. The key elements of this discussion are shown in Fig. 16:

Beam
interlocks
Emergency
Quench loop T stop
Powering

interlocks Uninterruptablg
./ power

T \l/ supplies
Quench
—| protection |

— < (Y Y YN
Poner@ \/\/\/\/ >|

converter

_| Cryogenics

Fig. 16: Elements of a superconducting power system with protection

Appendix C gives a detailed description of powering circuit elements. Note that Fig. 16 is a
simplification, For example, in the LHC dipole magnet system, 154 dipole magnets are powered in
series and it contains two energy extraction systems, one at each end of the circuit.

5.1 Non-nominal energy deposition scenario

This case study considers the following electrical scenario, similar to the LHC. In this case seven
magnets are connected in three electrical circuits, sharing a cryogenic bath. Consider a non-nominal
energy deposition occurring in the central magnet (Fig. 17).
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Fig. 17: Non-nominal energy deposition scenario

A hazard chain and risk matrix can be constructed using the same approach. In this case, to aid
in the discussion, the definition of probability and consequence, as well as the four risk classes, is
intentionally vague. The resulting chain and the risk matrix are shown in Fig. 18.

Failure / event

A

Resistive zone appears in magnet Magnets damaged

One Few Some Many

Non-nominal energy
deposition = IR losses
1 High

Cryogenic conditions worsen Medium

Probability

Neighbouring magnets quench Low I

Negligible

Material limits exceeded

\

Damage to
magnets

Fig. 18: Scenario hazard chain with unmitigated risk

There are four functions in place, breaking the hazard chain (Fig. 19).

Powering
interlocks

Q1T 1
—— (@ Y
protection

A\LSL
e Y Y Y
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_| Cryogenics

[
Power @
converter
|
Fig. 19: Protection functions in a superconducting circuit scenario

— PF; — link-related circuits. The quench protection system informs the powering interlock
controller of the detection of quench. The powering interlock carries out actions on
neighbouring circuits to prevent non-nominal energy deposition in them, which could occur
due to quench propagation.

— PF, — switch off power converter. The power converter is switched off, and no further
energy is added to the magnet circuit. The power converter can only slowly extract circuit
energy, pushing it back onto the mains supply over the course of several minutes.
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— PF; — propagate the quench. The quench protection system activates a quench heater, which
increases the quenched zone in the magnet, increasing the resistive area, and reducing the

power density.
— PF, — extract energy from the magnetic circuit. The quench protection system triggers the

opening of the bypass switch where the stored energy of the magnet circuit is removed as
heat by including a purpose-built dump resistor in the electrical circuit.

PF, interrupts the chain in the prevent phase. The other three functions work in the protect
phase. On the risk diagram the first function causes the risk to move to the left; as the impact of the
failure is reduced, the other protection functions work together to move the risk down, reducing the
risk probability (Fig. 20). Hence, the fully mitigated risk, with all protection functions, is in the

acceptable region.

Failure / event

PF, = Remove power if neighbouring magnet quenches >f Magnets damaged
Non-nominal energy One Few Some Many
deposition = IR losses
\L High
oy
PF, = Switch off power converter X = | Medium Il
v E
PF; = Propagate quench X ‘E Low I 4,
- v Negligible (@)
PF, = Extract energy from the magnetic circuit X
Damage to
magnets

Fig. 20: Scenario hazard chain with mitigated risk

5.2 Reverse risk analysis

A reverse risk analysis of these protection functions can be carried out by determining the probability
and scope of damage following malfunction. The figures in these descriptions come from system
experts. The absolute values of risk associated can be debated; this is a worked example of the concept

(Fig. 21).

Magnets Damaged
One Few Some Many

High 2)(4
o
= | Medium 3
=
"é Low 1
~

Negligible

Fig. 21: Risk matrix with risk of protection function failure labelled

— PF; —link related circuits. If neighbouring circuits are not disabled, then the prevent phase of
machine protection has been unsuccessful for those circuits; the other functions that are in
place in the protect phase are still able to react. This means that there is a low probability of

a few magnets being damaged.

— PF, — switch off power converter. Ifthe power converter does not switch off, it will continue
to add power to the quenched circuit until it can no longer maintain the output setpoint. If
this occurs, there is a high probability of many magnets being damaged.
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— PF; — propagate the quench. Ifthe quench heater does not fire, the resistive losses in the coil
will be localized to a single small area. There is a medium probability that some magnets are
damaged.

— PF, — extract energy from the magnetic circuit. If the energy extraction fails to operate, the
field decay time will be very long, vastly increasing the probability of damage o.curring;
this presents a high probability of many magnets being damaged.

PIL requirements for LHC powering protection systems

Working backwards from the previous risk matrix gives the RRL and consequently the PIL of
the protection functions:

—  PF, — link related circuits. Risk class 2 is therefore PIL 1.
Quench protection system — powering interlock — powering interlock — power converter
—  PF, — switch off power converter. Risk class 4 is therefore PIL 3.
Quench protection system — power converter
— PF; —propagate the quench. Risk class 3 is therefore PIL 2.
Quench protection system — quench heater
— PF4— extract energy from the magnetic circuit. Risk class 4 is therefore PIL 3.

Quench protection system — energy extraction

5.3 Outcomes of reverse analysis

PIL figures can be compared to system knowledge, identifying elements that require further
investigation or, conversely, those systems that have integrity level requirements that are too high. In
these cases more methods should be found to understand how to remove the risk, or break the hazard
chains more often, so sharing the integrity requirements amongst more systems and functions. This
reduces the individual integrity needs of specific systems or connections.

6 Conclusions

This paper has described the principal risks in HEP powering systems, the basics of machine
protection, the concepts of risk analysis, and a protection system lifecycle.

The paper has shown how the lifecycle can be used in the traditional manner, fitting the concept
of IEC 61508, where a protection case is made from first ideas through to system realization. Due to
the unique nature of HEP research machines, it is not always possible to be absolutely accurate in the
prediction of risks and the assignment of protection functions. With this in mind, the paper concluded
with a case study showing that the same lifecycle can be used in a reverse manner to allow analysis
and appraisal of existing systems and functions, after machines have been operated and real
information is gathered.

Risk is a critical parameter in modern engineering; it should be appreciated and understood by
engineers involved in every aspect of HEP. Machine protection is driven by risk analysis. It is a
discipline that continues to evolve to meet the changing demands of both the working environment
and the types of machines being built. The LHC MPS is novel, being highly tailored to the machine’s
requirements, having an extremely fast reaction time, and a very high dependability. These are
qualities that when combined, cannot be delivered by commercial systems.
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Appendix A: Organizational strategy

The development of the MPS is generally carried out by a wide range of experts from multiple
disciplines, physicists defining particle simulations and interactions, and system-level experts,
working with machine equipment. The MPS traverses organizations, and should be one of the key
concerns when considering decisions related to accelerator operation.

It can be observed that organizational structures shown do not reflect a safety management
scheme within a company. Structures in HEP are borne out of a confluence of deep-thinking academic
and applied industrial approaches. The considerations of the MPS are multi-disciplinary. At CERN an
initial machine protection working group (MPWGQG) was established as a forum to centralize studies,
develop scenarios, and to exchange ideas related to machine protection. The MPWG was responsible
for coordinating the development of the basic principles of LHC machine protection and organized the
production of coherent documentation for all of the major protection systems and subsystems.

The MPWG oversaw the initial commissioning of the LHC powering systems and beam
commissioning. Once machine commissioning was completed, the MPWG was renamed to the
machine protection panel (MPP) to reflect the changing nature of the LHC from a machine under test
to a machine for physics. In addition to this, a subset of the MPP was established, the restricted MPP
(rtMPP), which consolidates the opinions of the panel members and leads the decision-making
processes during operational periods of the machine. Figure A.1 details the background and scale of
the members of the MPP and rtMPP.

|:| Finance
CERN = 2200

[] HR

[T ]
rMPP = 10 / D:ED Accelerators
|~ LTI neons
[T T ] services
[ T T T ] Engineering

MPP = 60

Visiting scientists Physics

~ 8000

[ ]=100

Fig. A.1: Protection expertise in CERN

From the machine point of view, the key forum for discussion is the LHC machine committee
(LMC). This is an executive committee concerned with technical and performance aspects of the
LHC. The LMC is responsible for the definition of operational parameters and the optimization of
performance [10]. The rtMPP reports on behalf of the MPP to the LMC. From this, and other reporting
groups, senior management has sufficient information to take informed decisions. In this way there is
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a clear chain of command concerning machine protection issues (Fig. A.2): from the frontline
engineering teams, through to senior management.

e Senior management

e  Machine protection chairs
Machine to experiment
coordinator

Head of operations

Head of magnet protection
Selected high-level system experts

LMC

|rMPP|

System engineers

Operators

Magnet and powering experts
Beam dynamics experts
Experiment system engineers
Instrumentation experts

MPP

Fig. A.2: Protection chain of command

Appendix B: MPS doctoral research at CERN

MPS elements highlighted in Figure B.1 are those that have been subjects of doctoral level research.

| Control system

[ [ [

Quench
protection
[% system %]

Radio frequency system—

Essential controllers—>

Power
Discharge circuitsé—| interlock

Power Auxiliary controllers—>

converters
Cryogenics—| controllers Warm magnets—>
General emergency stopé—> Beam television—>

Uninterruptible supplies¢—> Control room—>

Collimation system—>

Experiments—>

Beam
Vacuum system—> | interlock [ ¢~Beam interlock system —| Beam

system dumping
——— [ Accesssystem—>| gystem

Access system—>

Beam position monitor—

Beam lifetime monitor— Timing
—Post-mortem—>
system

Fast magnet current changes—>

Beam loss monitors (aperture)—>
Beam loss monitors (arc)—>

Software interlock system—>

Injection systems<>

|1

Safe machine parameters

Fig. B.1: Elements of the MPS subject to Ph.D. research at CERN

— Injection systems — Machine protection & beam quality during the LHC injection process,
V. Kain [11].
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— Quench protection system — Reliability of the quench protection system for the LHC
superconducting elements, A. Vergara [12].

—  Fast magnet current change monitor — Redundancy of the LHC machine protection systems
in case of magnet failures A. Gomez Alonso [5].

—  Beam interlock system — A beam interlock system for CERN high energy accelerators,
B. Todd [13].

—  Safe machine parameters — Methods for the application of programmable logic devices in
electronic protection systems for high energy particle accelerators, M. Kwiatkowski [7].

—  Power interlock controllers — Powering and machine protection of the superconducting
LHC accelerator, M. Zerlauth [6].

— Beam loss monitor system — Reliability of the beam loss monitors system for the Large
Hadron Collider at CERN, G. Guaglio, and The real-time data analysis and decision system
for particle flux detection in the LHC accelerator at CERN, C. Zamantzas [14].

— Safety vs. availability — LHC machine protection system: Method for balancing machine
safety and beam availability, S. Wagner [9].

Appendix C: Elements of superconducting powering systems and protection

The key elements of the powering and protection of superconducting circuits are shown in Fig. C.1.

Cryogenic Escape

Dump bath diode Superconducting
resistor magnet
/
Power _/®_ - Quench
converter  Discharge Quench heater
switch detector

Fig. C.1: Components of a superconducting magnet and protection system

— Power converter, superconducting magnet, and cryogenic bath — these form the equipment
under control. The converter regulates the magnet current required to achieve the machine
beam performance requirements. The cryogenic system, of which only the bath is shown
above, is responsible for maintaining the low temperatures required by the magnet in order
to achieve superconductivity.

— Quench detector — this element determines the resistance of the magnet coil, by measuring
the voltage drop from one end of the magnet to the other. An ideal superconductor should
have no voltage drop, as it has no internal resistance. A voltage appearing over the magnet
coil is an indicator that a quench is occurring, and is used to initiate the powering protection
functions.

— Quench heater — once a quench is detected, heaters are used to force the quench to propagate
over a large area. This reduces the power density of the quench, and decreases the chances
of damage to the magnet coil.

— Escape diode — this further protects the magnet coil by providing an alternative current path
around the quenching magnet coil. As the magnet quenches, the voltage drop increases, and
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at one point this becomes high enough to switch on the escape diode. From this point the
current bypasses the quenching magnet coil.

— Discharge switch and dump resistor — stored magnetic energy in the superconducting circuit
has to be discharged after a quench has occurred. This is carried out by opening a discharge
switch and adding a dump resistor in series with the magnet coil; the current in the circuit
diminishes as power is lost as heat in the dump resistor.
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Thermal Design of Power Electronic Circuits
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Abstract

The heart of every switched mode converter consists of several switching
semiconductor elements. Due to their non-ideal behaviour there are ON state
and switching losses heating up the silicon chip. That heat must effectively be
transferred to the environment in order to prevent overheating or even
destruction of the element. For a cost-effective design, the semiconductors
should be operated close to their thermal limits. Unfortunately the chip
temperature cannot be measured directly. Therefore a detailed understanding
of how losses arise, including their quantitative estimation, is required.
Furthermore, the heat paths to the environment must be understood in detail.
This paper describes the main issues of loss generation and its transfer to the
environment and how it can be estimated by the help of datasheets and/or
experiments.

Keywords
Conduction losses; switching losses; packages; thermal impedance; thermal
cycling; power cycling.

1 Introduction

Figure 1 shows the structure of a typical switched mode converter—in this case a buck converter—fed
by a diode rectifier with input and output filters.

—il

ROV = =
11 1 | ]

Fig. 1: Generic structure of a buck converter with diode rectifier and filters

Every component must be considered as a heat source. Also, capacitors carrying large alternating
current (a.c.) heat up due to their ESR (equivalent series resistance), which can limit their lifetime,
especially for electrolytic capacitors. Inductive devices like transformers and chokes have losses, and,
due to their compact design, generate hot spots. Resistors are usually not critical as they are designated
to dissipate power, and therefore designers are aware of their thermal behaviour.

The main heat sources are the semiconductors. They act as switching elements, i.e., they are either
fully conducting or fully blocking. While the blocking losses are usually low enough to be negligible,
the voltage drop in the ON state must be considered. At the transition between the ON and OFF states
both the current through the semiconductor and the voltage across it are present for a short time causing
switching losses.
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Special care must be taken if the chip temperature and/or the base plate temperature oscillate.
This phenomenon is known by the terms ‘power cycling’ and ‘thermal cycling’. Temperature gradients
cause additional mechanical stress to the soldering and welding joints inside a semiconductor module.
The number of such thermal cycles is limited.

2 Heat sources

2.1 Resistors

Resistors with continuous load must be designed for a sufficient continuous heat transfer to the
environment. At stable ambient temperature, a resistor’s temperature is also stable. The power ratings
given in datasheets are maximum ratings for very effective cooling and maximum temperatures. It is
recommended to oversize the devices considerably in order to prevent hotspots or aging problems.

A resistor with a pulsed load must be designed to absorb the energy during the pulse. As a
consequence of this the temperature of the resistor rises quickly. Pulse resistors therefore have a large
amount of active material, such as wires or cast iron. After the pulse, there must be enough time for the
active material to cool down, before the next pulse occurs. There must be adequate overload protection,
i.e., limitation of the pulse duration, limitation of the pulse repetition frequency, or even a temperature
measurement of the active material.

Cables must also be treated as resistors, and they must be designed and installed to allow sufficient
heat transfer to the environment. Cables with sufficient cross-section should be used. This may result in
higher costs at installation, but offsets the energy saving during the increased life period due to lower
temperatures. The skin effect must also be considered: the penetration depth in copper is approximately
2.1 mm at 1 kHz and approximately 0.66 mm at 10 kHz. This reduces the effective cable cross-section
and can lead to overheating. Large cable bundles should be avoided, when the current density is high,
and there should be sufficient air circulation.

2.2 Magnetic components

Magnetic components like chokes and transformers dissipate power in both the core and the winding.
Core losses are caused by eddy current losses and hysteresis losses.

Depending on the frequency, the eddy current losses are minimized by different means. For low
frequencies up to approximately 1 kHz the cores are built with core plates: the thinner the core plates,
the lower the eddy currents. For higher frequencies (from 1 kHz to approximately 10 kHz) powder cores
are used. These can be seen as cores with extremely thin core plates, and therefore tend to have
considerably fewer eddy current losses. In the frequency range above 10 kHz ferrite is the core material
of choice. Ferrite cores have a very poor electric conductivity and therefore have almost no eddy
currents.

Hysteresis losses arise from the periodic reversal of magnetism, which requires energy. The
energy is proportional to the area of the hysteresis curve. Transformers are designed to have a small area
of the hysteresis curve in order to minimize the losses. Be aware that the core losses of a transformer
are also present at zero load! The hysteresis curves of d.c. chokes (which are designed to store a lot of
magnetic energy) span a large area. The ripple current in such a choke causes the core to run through
only a small part of the hysteresis area. The hysteresis losses depend very much on the amplitude and
the frequency of the ripple current.

Winding losses, also called Cu losses, arise from the ohmic resistance of the winding. The
dissipated power is approximately proportional to /2. The resistance of a copper winding increases
approximately 0.4% per kelvin, i.e., a temperature raise of 25 K increases the winding losses by
approximately 10%.
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There are good reasons to keep the temperatures of both the core and the winding as low as
possible, even if it costs something: winding and core losses increase with higher temperatures. Losses
in general are expensive; there are not only the costs of the electric energy, but also the costs for re-
cooling. Lower temperatures increase the life period. This is especially important for components which
are used permanently under high load.

2.3 Semiconductors

In most power electronic applications semiconductors are either switched on or off. Therefore, we have
either current through the semiconductor or voltage across it, but never both at the same time. But that
is only valid in an ideal world. In reality, there are voltage drops in the ON state, which cause conduction
losses. There are also leakage currents in the OFF state, but they are usually very low and therefore not
considered here. At the transition between the ON and OFF states both current through the
semiconductor and voltage across it are present. This leads to high power dissipation for a very short
time.

In order to estimate the losses in our application, we have to consult the datasheet. In the following
the losses of a buck converter according to Fig. 1 are estimated. The converter is designed for a
maximum output current loy of 400 A and a maximum output voltage Vou of 200 V. The d.c.-link
voltage V. is 250 V. The switching frequency is 20 kHz. The combination of an IGBT (insulated-gate
bipolar transistor) and a freewheeling diode is realized with a half bridge module FF600RO6ME3 from
Infineon. The graphs in Figs. 2—4 and Fig. 11 originate from its datasheet; see Ref. [1].

2.3.1 Conduction losses in the IGBT and the diode

During the ON state of the IGBT the output current flows through the IGBT. Its voltage drop can be
derived from the output characteristic in the datasheet; see Fig. 2. The modulation index m is the ratio
Vou/Vae, and in a buck converter this is also the time ratio ON state/switching period. The voltage drop
depends on the junction temperature. We make a pessimistic estimate for the junction temperature and
get Ve from Fig. 2. In our example the conduction losses in the IGBT are given by

Pag=m-IoyVeg =0.8-200A-1.1V=176 W. (1)

During the OFF state of the IGBT, the output current flows through the freewheeling diode. Its
voltage drop can be derived from the forward characteristic figure in the datasheet; see Fig. 2. In contrary
to the transistor, the diode usually has a negative temperature coefficient. Therefore we consider a rather
low estimate for the junction temperature and get Vr from Fig. 2. In our example the conduction losses
in the diode are given by

Pp=(1=m) Ioy Ve=(1—08)-200A-1.15V=46W . 2)

Note: If the converter operates at a low modulation index for the maximum output current, the
diode has many more conduction losses!

Some manufacturers specify Vcg and Vr only at the chip level, as this is relevant to determine the
losses in the silicon chip. In addition to this there is also a resistance between the silicon chip and the
terminals. These losses are mainly transported to the environment through the terminals and the
connected cables. They may also be considered for an overall estimate of the losses. In the datasheet [1]
this resistance is called Rcc+er and its value is 1.1 mQ per switch. In our example with /o, =200 A and
m = (0.8 this leads to an additional voltage drop of 0.22 V in each branch and to additional losses of 35 W
in the IGBT branch and 9 W in the diode branch.
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Fig. 2: Output characteristic of the IGBT for a gate-emitter voltage Vg of 15 V (left) and forward characteristic

of the diode (right).

2.3.2 Switching losses in the IGBT

The dissipated energy Eon and Eofr at each switching is given in the datasheet. The graphs are given for
discrete reference junction temperatures 7res, €.g., 125°C or 150°C; see Fig. 3. For a different junction
temperature 77 a correction factor applies; refer to Eq. (3). Accordingly, the graphs are given for a
reference blocking voltage Vs, €.g., 300 V. For a different blocking voltage Vg, a correction factor
applies; refer to Eq. (3). The switching losses in the IGBT are given by

Py = fs ’ (Eon + Eoff) ’ (1 + TC(T] - TRef)) ' (VCE/Vref)KV . (3)
For transistors, TC ~ 0.003 K™ and K}, ~ 1.3- 1.4; see Ref. [2], p. 287. With the values from our
example with f; = 20 kHz, Vcg = Vac =250 V, and an estimated junction temperature 7y of 90°C, we get

1.35
Py = 20,0005t (5+8)-1073]- (1 + 0.003 - (90 — 125) K) - (zigz) = 182W.

Be aware that the switching losses are highly dependent on the gate resistance; see Fig. 3 (right).
Hard switched converters are usually optimized for very fast switching in order to minimize the losses.
However, if the switching needs to be softer, e.g., for EMC reasons (electromagnetic compatibility), this
can be achieved by increasing the gate resistor. As shown in Fig. 3 on the right, this dramatically
increases the switching losses.
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Fig. 3: Switching losses in the IGBT for a gate-emitter Voltag;: Ve of £15V

2.3.3 Switching losses in the diode

The dissipated energy Er. at each switching OFF is given in the datasheet. The graphs are given for
discrete reference junction temperatures Trer, €.2., 125°C or 150°C; see Fig. 4. For a different junction
temperature 77 a correction factor applies; refer to Eq. (4). Accordingly, the graphs are given for a
reference blocking voltage Vs, e.g., 300 V. For a different blocking voltage Vg, a correction factor
applies; refer to Eq. (4). The switching losses in the diode are given by

Pip = fi* Erec (14 TC(Ty = Trer) ) * (Vg / Ve 4)

For diodes, TC ~ 0.006 K™ and K, ~ 0.6; see Ref. [2], p. 287. With the values from our example
with f; =20 kHz, Vcg = Vi = 250 V, and an estimated junction temperature 77 of 90°C, we get

250 v\ *®
Py = 20,0005 -5-1073 - (1 + 0.006 - (90 — 125) K) - (m) = 71W.
In contrary to the IGBT, a softer switching (higher gate resistance R) reduces the switching
losses of the freewheeling diode remarkably; see Fig. 4 (right).
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Fig. 4: Switching losses in the diode
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2.3.4 Total IGBT and diode losses

Inside the module the heat is generated in two different silicon chips, the IGBT and the diode. The IGBT
losses P1 and the diode losses Pp are given by

Py =Py +Py =176 W+ 182 W = 358 W, (5)

Pp=Pp+Pp=46W+71W =117 W. (6)

They are needed to determine the junction (chip) temperatures; see Section 3.2. In addition to that
the module lead resistance Rcc+ee causes terminal losses Prem. The overall losses for the entire module
Py are given by

Py = Py + Py + Prerm = 358 W+ 117 W + 44 W = 519 W. 7

This figure is needed to determine the overall converter losses and the efficiency.

3 Heat transfer

3.1 Packages

The losses as described in Section 2 originate in the silicon chips and must be transferred to the
environment by means of heat sinks. Different packaging concepts are used (see Fig. 5) depending on
the power rating.

For small discrete elements mounted on a PCB, the heat flows via the electrical connections
and/or the air. The tracks on the PCB can be used as heat conductors in order to spread the heat to a
large area or to lead the heat to a heat sink or the housing. See Section 3.5 for a practical example. The
calculation of the resulting junction temperatures is difficult, and requires a detailed thermal modelling
of the entire arrangement (semiconductor and PCB) and a time-consuming finite element analysis.
Therefore usually a ‘trial and error’ approach is used.

Larger discrete elements have a cooling surface, which can be soldered to a copper pad or pressed
onto a heat sink. Refer to Section 3.5 for a practical example. The thermal resistance between the silicon
chip and the cooling surface is given in the datasheet. Note that usually the cooling surface is connected
to one of the electrical connections. If isolation is needed, it needs to be realized separately.

Large semiconductor modules have isolated cooling plates, which can be connected to ground
level. Refer to the example in Section 2.3. Most of the losses produced in such elements are dissipated
through this cooling plate.

Very large semiconductors are packed in press-pack housings. They have large contact surfaces,
which serve as both electrical and thermal connections.
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Small discrete Large discrete Semiconductor Press-pack
elements elements modules modules

Fig. 5: Different packages for semiconductor devices

Figure 6 shows typical cross-sections of an isolated module package and a press-pack module. In
the isolated module package the heat from the silicon chips must flow through the ceramic insulator and
the soldering joints to the copper base. The press-pack housing does without soldering joints and ceramic
insulator, and therefore has a much more effective heat transfer to the heat sink. Furthermore it can be
cooled from both sides, but the two heat sinks are on different electrical potentials, usually neither of
them connected to ground.

Cu cathode
P— Press-pack module
Silicone gel Plastic cover Mo Housing
Gate ;:,' =+ =
Si chip (IGBT) ] IGBT 7
& Diode chip /Iéé é
U 7 7
Ceramic ket //'?42.,—‘\ AN\ \\\ N\ ? ; ;
; Gate — _ Z Diode
insulator %2 NN NN .;
7
cu Cu base /45 _f Cu anode
Isolated module L sk

Fig. 6: Typical cross-sections for different housing concepts

3.2 Steady-state temperatures

The losses in both the IGBT and the freewheeling diode cause temperature differences in the thermal
resistor network, as shown in Fig. 7. In steady state, the losses and the ambient temperature are constant.
Therefore the resulting temperatures in the module are also constant.

The thermal resistances Rujc (junction to case) for both the IGBT and the diode can be found in
the datasheet. Note: In data sheets the Cu base of an isolated module is also called ‘case’. The thermal
resistance Ricu (case to heat sink) is also given in the datasheet; this depends not only on the module
itself, but also on the way the element is mounted to the heat sink. The surfaces of the device and the
heat sink both have a certain roughness and therefore there are inherent air gaps between the two. In
order to achieve an effective heat flow, these air gaps must be filled by a Thermal Interface Material
(TIM). The application notes from the semiconductor suppliers for proper mounting of the element
should be consulted; an example is given in Ref. [3]. The thermal resistance of the heat sink Runa (heat
sink to ambient) is either given by the manufacturer or can be determined by means of an experiment.

With this information, the corresponding temperature differences can be calculated by
multiplying the power flow by the thermal resistance.
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Fig. 7: Power flow from silicon to ambient

For the example in Section 2.3 we found losses of 358 W for Prand 117 W for Pp. In the datasheet
[1] we find thermal resistances of 0.09 K/W for Ruyc for the IGBT, 0.15 K/W for Ruyc for the diode, and
0.009 K/W for Rucu. The thermal resistance of the heat sink Runa we assume to be 0.1 K/W. These
figures are recorded in Fig. 8.

On multiplying the power flow by the corresponding thermal resistances we get the temperature
differences ATjcr (IGBT junction to case) = 32 K, ATjcp (diode junction to case) = 18 K, ATcu (case to
heat sink) = 4 K, and AT#ua (heat sink to ambient) = 48 K. If we assume the ambient temperature to be
35°C we get the absolute temperatures 7w (heat sink) = 83°C, Tc¢ (base plate) = 87°C, Tip (diode junction)
=105°C, and Ty (IGBT junction) = 119°C. The results are summarized in Fig. 8.

T, = 105°C T.=87°C T, =83°C T, = 35°C

117 W R =015 KW
P,
AT, =18 K
Diode chip - 475 W Ry = 0.009 KIW 475W Roa =01 KIW
| M
—_ 0
T,=119°C AT,.=48K
358 W Ruc=0.09 KW
P, —p
AT, =32K
IGBT chip Base plate Heat sink Ambient

Fig. 8: Power flow for example in Section 2.3

According to the datasheet [1], the IGBT module used for our example may be operated at
junction temperatures up to 150°C. The loss calculation and the thermal calculations are not very
accurate, and we also have to consider long-term drifts of the parameters involved. Therefore a safety
margin of at least 25 K is necessary. Our example revealed a margin of 31 K, which is quite close to
that limit. In general, lower temperatures raise the MTBF (mean time between failures) and the long-
term reliability. It is left to the designer to make a reasonable trade-off between exploiting the elements
and long-term reliability.

3.3 Transient thermal impedance

The loss and temperature calculations mentioned in Section 3.2 are valid for steady-state conditions
only. If the losses vary with time (pulsating or oscillating), the thermal impedance has to be considered
instead of the simple thermal resistance. From the thermal point of view, the arrangement shown in
Fig. 6 (left) can be seen as a row of thermal capacitances (Si chip—solder—ceramic insulator—solder—Cu
base) interconnected by thermal resistances. This leads to the continued fraction model, also known as
the Cauer model, the T-model, or the ladder network (see Fig. 9). This model requires detailed
knowledge of the material characteristics of the individual layers. However, the correct modelling of the
thermal spreading is difficult.
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e 1o 1o o1 11—

Fig. 9: Cauer model

Most manufacturers publish data for the partial fraction model, also known as Foster model or
the Pi model (see Fig. 10).

T,

Fig. 10: Foster model

This model does not represent the layer sequence; the network nodes do not have any physical
correlation. The thermal impedance

Zinyc(t) = Xy 1y (1 - e—;) 8)

as a function of time is usually given in the datasheet; see Fig. 11 and Ref. [1]. The sum of the individual
thermal resistances 7; corresponds to the steady-state thermal resistance Rmjc. The time constants are
typically in the region of 10 to 100 ms. If the power fluctuations are faster than that, e.g., losses during
one switching period, we may simplify the calculation and consider the average power only, as in
Section 2.3.

Z,e = (1)
1 T
Z,,.:1GBT
0.1
s %
2
K v
0.01 yi
/
/
/
/ i 1 2 3 4 I
r.(K/W): 0.0054 0.0297 0.0288 0.0261 ||
z(s): 001 002 005 0.1
0001 1] 111 | A 0
0.001 0.01 0.1 1 10

t(s)

Fig. 11: Transient thermal impedance
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Once the losses and the base plate temperature as a function of time are known, the junction
temperature as a function of time can be determined as

Ty(t) = P(t) * Zinyc (@) + Te (D). )

For more information about transient thermal impedance see Ref. [4]; note that Figs. 9 and 10
originate from this reference.

3.4 Temperature oscillations

When the junction and the case temperatures oscillate, material fatigue has to be considered. Problems
arise from different expansion coefficients for different materials and conjoined mechanical stress; see
Table 1 and Fig. 6.

Table 1: Expansion coefficients for different materials

Material Expansion coefficient
(10-/K)

Silicon 4.1

Copper 17

Aluminium 24

Molybdenum 5

Solder 15-30

Ceramic 5-9

3.4.1 Thermal cycling

Temperature oscillations of the base plate are referred to as ‘thermal cycling’. There is a large-area
soldering joint between the ceramic insulator and the base plate, which accomplishes a good thermal
conductivity. The expansion coefficients for copper and solder material match reasonably well, but the
ceramic material differs by a factor of 2 or more. This causes mechanical stress to the soldering joint,
which leads to accelerated aging. Finally, the thermal resistance increases, the temperature oscillations
become even larger, and the device fails.

Thermal cycling problems can be avoided by using water cooling with a constant water inlet
temperature, which keeps the temperature of the heat sink and the base plate nearly constant.

3.4.2 Power cycling

Temperature oscillations of the silicon chip are known as ‘power cycling’. The expansion coefficients
of aluminium (bond wires) and silicon (semiconductor chip) differ by a factor of 6. When the
temperature oscillates there is mechanical stress to the bond-wire welding. After some time, the bond
wires start to lift off. This causes an increased voltage drop Vcesa: , which increases the losses. This leads
to an even larger temperature oscillation, and the device finally fails.

Press-pack devices do not have bond wires for the main connections and are therefore less
sensitive to power-cycling stress.

In the mid-1990s in the scope of the LESIT project, standard modules with base plates from
different manufacturers were tested regarding their power-cycling capability. During the project, a large
volume of data was collected. Figure 12 shows the results for different temperature oscillations at three
medium temperatures 7.
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Fig. 12: Results from the LESIT project

Almost 20 years have passed, and the development of better packaging has evolved. Today there
are specialized and improved devices on the market. However, for a first assessment, the LESIT figures
are still valuable.

3.4.3 Practical experience with power cycling

The output current of the booster dipole power supply (PS) of the Swiss Light Source (SLS) oscillates
with a 320 ms cycle time, i.e., with a frequency of 3.125 Hz, from zero to full current and back to zero.
The SLS works in top-up mode, i.e., a short refilling of the storage ring takes place approximately once
every 100 s. In the first 4 years of operation the booster PS was permanently on. Since then, the PS is
only turned on during the refilling procedure of the storage ring, in order to save energy. During the
remaining time, it is on standby. After 3.5 years in this ‘energy-saving mode’ we experienced two IGBT
failures within a month. That was a clear sign of a systematic and reproducible aging problem, probably
due to power cycling.

Measurements combined with simulations showed a temperature excursion as shown in Fig. 13.
During standby, the chip temperature corresponds to the cooling-water inlet temperature, which is
stabilized to 30°C. Once every 100 s the chip temperature is raised from 30°C to 86°C. For approximately
5 s there is a second oscillation with a 320 ms cycle time superimposed, where the chip temperature
oscillates between 68°C and 82°C. This raised the question: which of the two oscillations killed the
IGBTs?

A
T,(°C)
86°C

82°C
80
70

68°C
60

repeated|every 1
50
40
30 30°C t(s)
1 2 3 4 5 6 7 8 9 10

Fig. 13: Practical example of an IGBT junction temperature excursion
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The 320 ms oscillation has a medium temperature of 75°C and a peak-to-peak amplitude of 14 K.
By extrapolating the LESIT results (see Fig. 14, dotted line) we can expect a lifetime of approximately
5 x 10® cycles. During the first 4 years of continuous operation (40 weeks per year) we gathered
approximately 3.0 x 10% cycles. During the following 3.5 years in energy-saving mode (40 weeks per
year, 16 cycles every 100 s) we gathered another 1.5 x 107 cycles, which sums to a total of 3.2 x 10®
cycles. This is considerably below the expected lifetime. Furthermore, it is doubtful whether such an
extreme extrapolation of the LESIT results is appropriate.

'o.,._'. 5x 10° cycles

10° .
m 7, = 333K (60°C) -
- e 7. =353K (80°C) g N
1 ==
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Fig. 14: Extrapolation of the LESIT results for the 320 ms cycles

The 100 s oscillation has a medium temperature of 58°C and a peak-to-peak amplitude of 56 K.
By interpolating the LESIT results (see Fig. 15, dotted line) we can expect a lifetime of approximately
1 x 10° cycles. During the first 4 years of continuous operation, there were only a few such cycles.
During the following 3.5 years in energy-saving mode (40 weeks per year, one cycle every 100 s) we
gathered approximately 8.5 x 10° cycles. This is very close to the expected lifetime and most likely
killed the IGBTs.

10°

m T, = 333K (60°C)

(o L ®T.=353K(80°C) N _

AT, =373K (100°C) —

10° ~_ & \:{
~. ~. S

10° —h \

10°

Cycles to failure

/

10 100
AT, (K)

Fig. 15: Interpolation of the LESIT results for the 100 s cycles
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3.5 Practical example: thermal design on a PCB

For the free electron laser SwissFEL at the Paul Scherrer Institute (PSI), a new bipolar 10 A/24 V
converter has been developed, which is installed on a 100 mm x 160 mm PCB. The calculation of the
resulting junction temperatures is difficult; this would require a detailed thermal modelling of the entire
arrangement (semiconductor and PCB) and a time-consuming finite element analysis. Instead, we
designed a first prototype, measured the temperature distribution on the board, and made improvements
to the design. Figure 16 depicts a thermal image of the first prototype. It shows a very inhomogeneous
board temperature with several hot spots up to 117°C.

Linear regulator —:
for auxiliary power

#Power semiconductors
(under heat sink)E wh

Input common
mode filter

=

-
g = E ‘ ‘
%Snubbe’r‘s 7 e el SS

Fig. 16: Thermal image of the first prototype

B i

For EMC reasons the entire PCB must be enclosed in a metallic housing. It was one of the main
goals of the development project to design a converter that does not need any forced cooling. This
requires a cooling design that uses the metallic shielding for a heat sink. In order to transfer the heat
from the various hot spots on the PCB to the shielding, improvements in the design were necessary.

The thermal conductivity for materials used on a PCB differs greatly; see Table 2. The PCB core
material is only about 10 times better than air, but 1000 times worse than metals. Heat-transfer foils are
rather bad but unavoidable because they perform the electrical isolation. Therefore the strategy must be
to conduct the heat as much as possible through metals.

Table 2: Thermal conductivity A for different materials

Material Thermal conductivity 4
(W/Km)

Gold 318

Silver 429

Copper 401

Aluminium 237

Steel 50

Heat-transfer foil 2

PCB core material (FR-4) 0.3

Air 0.025
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The four MOSFETs for the converter are mounted on the top side of the PCB on an area of
approximately 2 cm x 2 cm = 4 cm?. At full load the losses are approximately 10 W. The core thickness
is 1.6 mm. The thermal resistance from top to bottom through the PCB core material is

. -3
Ry = - = —p——1— = 13.3 K/W. (10)

A-A 0.3 £.4.10—4 m
K'm

This causes a temperature difference from top to bottom of

ATthh-P=13.3%-10W=133K. (11)

These figures clearly show that the heat transfer through the PCB core material is not sufficient.

Vias (borings coated with copper) are used for electrical connections from one layer to another.
Such vias (see Fig. 17 for the geometry) can also be used to transfer the heat from the top layer to the
bottom one.

Fig. 17: Geometry of a via

The copper coating inside the boring has an outside radius 7, of 0.175 mm and an inside radius #;
of 0.15 mm. Its length a is 1.6 mm, which corresponds to the core thickness of the PCB. The effective
cross-section is

A= (1?-1r%)m=(0175% - 0.15%) mm? - 7 = 0.0255 mm?. (12)
The resulting thermal resistance for a single via is therefore

. -3
Ry = — Lel0 M _ 57K/W. (13)

A4 401 Y .0.0255-10-6 m?
K'm

On an area of 4 cm? there is space for 8 x 8 = 64 parallel vias, which reduces the overall thermal
resistance to 2.45 K/W. This thermal resistance is in parallel to the one of the PCB core materials, and
the resulting temperature difference

AT=Rth-P=%-1OW=20.7K (14)

K K
13.3 W 2.45 W

between the top and bottom layers is acceptable.

Originally we had only one 70 um layer for the signal and power wiring (Fig. 18, left). In the
final design (Fig. 18, right), there are 105 um layers on the top and bottom sides and two additional
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35 um layers in between. All four layers are electrically and thermally connected together. That reduces
the current density in the power wiring and allows for an effective heat spread and heat transfer from
top to bottom. The overall thickness of the PCB was reduced from 1.7 mm to 1.4 mm.

Track width 5 mm Track width 5
rack wi mm
_—_—Culayer 70 um A

 ———
Core 1.6 mm

Cu layer 35 um

1.7 mm
1.4 mm

Core 1 mm

GND layer 70 um Via top-bottom

Top and bottom layer 105 um
Fig. 18: Original (left) and final (right) PCB structure

Figure 19 shows the cross-section of the whole arrangement at the main heat source (the MOSFET
switches) and its corresponding thermal model. The MOSFETSs have cooling plates on top of them, onto
which a heat sink is bolted. These cooling plates and the bottom layer of the PCB are electrically isolated
by means of heat-transfer foil. The heat is transferred to the environment along three parallel paths:
through the PCB and the aluminium bar, through the heat sink, and through the mounting bolt.

R, R
foil top-bottom
2 R,
MOSFET @) foil
PCB
th th th
Heat- Al bar Heat sink bolt aluminium
transfer
foil
EMC shielding

Fig. 19: PCB cross-section (left) and thermal model (right)

Figure 20 shows the bottom side of the final PCB. In total three aluminium bars transfer the heat
to the EMC shielding. Between the aluminium bars and the Cu pads on the PCB there is an electrically
isolating heat-transfer foil.

i

r
Fig. 20: Bottom side of the PCB
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As seen in Fig. 16, there are several components that generate hot spots. Four components were
exchanged in order to eliminate these hotspots. Figure 21 shows the location of these components on
the PCB. Refer also to the thermal images in Figs. 16 and 22.

(1) the auxiliary d.c./d.c. converter 24 V/15 V in THT (through hole technology) in a plastic case
was replaced by a SMD (surface mount device) type in a metallic case with better thermal
behaviour;

(2) two chokes of 8.2 uH/13 A each were replaced by four chokes of 3.9 uH/12 A each, such that
the heat source area could be enlarged;

(3) the linear auxiliary d.c./d.c. converter 15 V/5 V was replaced by a switched mode converter
with much fewer losses;

(4) the 100 mW snubber resistors were replaced by 2 W types, which are larger and offer better
heat transfer.

1% g L

=, oy =

e -
oy ok =) iij .

T N *Eu

Fig. 21: Replacement of components that cause hotspots

Figure 22 shows the thermal image of the final design with the same temperature scaling as for
Fig. 16. It shows a much more homogeneous temperature distribution. The majority of the power circuit
is warmed to 50-65°C, and the rest of the circuit stays at around ambient temperature. No extreme
hotspots were observed. The measurements also showed a good correlation with the calculations.
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Fig. 22: Thermal image of the final design
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Abstract

This paper reviews the design of regulation loops for power converters.
Power converter control being a vast domain, it does not aim to be
exhaustive. The objective is to give a rapid overview of the main synthesis
methods in both continuous- and discrete-time domains.
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1 Introduction

Power converters convert electric energy from one form to another which is optimally tailored for user
loads. Therefore regulation is an important part of the design and construction of any power converter.

Owing to the fast development of digital electronics, power converter control uses more and
more embedded computing systems like microcontrollers or Digital Signal Processors (DSPs). These
devices replace progressively analogue controllers that have dominated the control of power
electronics systems for many years.

After a period during which the discrete-time control laws were directly obtained from a
discretization of the continuous-time control laws in order to ensure continuity with the existing
methods and equipment, automation has refined its tools and methodologies: new approaches based on
discrete-time models of the processes to be controlled have been proposed. With these new
techniques, more powerful synthesis methods have been developed. Alternatives to the still widely
used PID-type controllers have emerged, like RST controllers or more exotic ones such as dead-beat
or fuzzy controllers. All these alternatives offer potential improvements in performance.

In the first part of this paper, the main concepts of continuous-time control are reviewed. Only
the control of single-input single-output linear and time-invariant systems is addressed here. Digital
control is presented in the second part. After a few reminders about Z-transforms, the concept of the
discrete-time model is introduced. The main digital controller synthesis methods are then described
and, depending on the chosen method, the choice of the sampling frequency is discussed.

2 Continuous-time control

2.1 Memory refreshing

To design a controller that makes a system behave in a specific desirable manner, we need a way to
predict its behaviour over time, specifically how its outputs will change in response to any applied
inputs. Thus a mathematical description (‘model’) of the system to be controlled (also called the
‘plant’) is needed.
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If the plant is a single-input single-output linear and time-invariant system (time-invariant
systems are systems whose characteristics do not change with time), then its input u(f) and output y(¢)
are related by the following differential equation with constant coefficients:

n m

: + +a-i +a,-y=b, -
n dt"y ldl‘y 0"V

m dtm
n being the order of the system.

a u+...+b1-%u+b0-u (m<n), €))

In the frequency domain, transfer functions are obtained from time-domain descriptions via
Laplace transform. Assuming zero initial conditions, Eq. (1) leads to the following system transfer
function H(s):

ibl. .5
H(s) = Y(s) _ ijO ’ (2)
U(s) a5
=0

where s is the Laplace operator.
Some basic but important definitions are recalled:

—  The poles are the roots of the denominator polynomial of the system transfer function H(s). The
zeros are the roots of the numerator polynomial.

— The system stability is determined by the location of the poles. If their real part is strictly
negative, then the system is stable.

— If the transfer function behaves like K /s for s — 0, then a is called the system class. The static
gain is obtained for s equal to zero.

— If there is a period of time during which the output does not react to the input, the system is
defined as a system with delay. The transfer function Hy(s) of a system having a time delay of
t0 can be expressed as

Hy(s) = H(s) - ™5t 3)

where H (s) is the transfer function of the system without delay.

2.2 Importance of feedback control

Feedback is a very powerful mechanism. Why is it necessary? An intuitive strategy would be to use a
feedforward controller and to make the product of the plant and this feedforward controller unity,
hence to find a controller that equals the plant inverse (C = H~! in Fig. 1, assuming a unit gain for the
actuator transfer function). Then in theory the system output ¥ would be equal to the controller input
Yref.

Perturbations

v

Yref Ue U Y Ymeas

Controller Actuator Plant Transducer

Fig. 1: Open-loop control configuration

This works well as long as the feedforward controller approximates the plant inverse
sufficiently well. In practice, uncertainties and unmodelled dynamics make this impossible. To fulfil
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the requirements, a feedback correction is necessary to guarantee performance, even with model
uncertainties, to reduce sensitivity to parameter variations, to reject disturbances, and obviously to
stabilize unstable open-loop systems. Thus a typical control structure combines feedback and
feedforward controls (see Fig. 2). The feedback controller guards robust stability and improves static
and dynamic precision whereas the feedforward controller improves tracking behaviour (via
compensation of the input) or regulation behaviour (via compensation of the perturbations).

It is important to understand that the performance requirements (static, dynamic behaviour,
stability, and robustness) of the closed loop translate into constraints on the compensated system in
open loop. We will see later in this paper how to make use of the open-loop frequency response to
design controllers.

Perturbations

(measurable ones)

Tref |+ & U - Y

() C(s) H{s)

- Controller Plant

State variables

Fig. 2: Typical control structure

The typical control structure for current regulated power supplies is represented in Fig. 3. This
so-called ‘cascade’ structure is based on a nested connection of a fast inner voltage loop and a slower
outer current loop. The fast inner voltage loop acts as an active filter to reject the output voltage ripple
and the output voltage fluctuations due to float of input mains, and it also simplifies the design of the
current loop. The outer current loop ensures the overall stability of the power supply and it provides an
inherent overvoltage protection.

Perturbations

(input a.c. line variations, rectification harmonics,
| temperature, load variations, noise, etc...)

Lﬂ(i_,@»[ CJ(S)]—)% ot

Current  Limiter
controller

Voltage
controller

Fig. 3: Cascade control structure
2.3  Analysis of closed-loop systems

2.3.1 Definition of open-loop and closed-loop transfer functions

In this section, we focus on the closed-loop system shown in Fig. 4. To study it, we use the open-loop
transfer function obtained by breaking the feedback loop, the expression for which is given by
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Ymeas(s)

OL(s)= =C(s)-H(s)-G(s). 4)

The open-loop bandwidth is defined as the interval of angular frequencies for which the open-loop
gain |C(jw) - H(jw) - G(jw)] is higher than unity.

perturbations
P

Yref + e (e , +l b
Cls) b—— H(s) +®

Controller Plant

G(s)

Transducer

Ymeas

Fig. 4: Closed-loop system

The closed-loop transfer function is

CLs)= &) COWAE) )
Yref(s) 1+C(s)-H(s)-G(s)
The transfer functions of the error versus input and perturbation can be calculated as
ngef (S) — 1
Yref(s) 1+C(s)-H(s) -G(s
) HCEOHEGE) =6, ()4 £0(5) ©
£(s) _ G(s)

P(s) 1+C(s)-H(s)-G(s)
2.3.2 Precision of closed-loop systems

2.3.2.1 Static error

In steady state, the error versus the input can be derived from Eq. (6). Using the ‘final value’ theorem,
we have

S
limeg, .(1)=lims- ¢, .(s)=lim -Yref(s). 7
50 Yre_'f( ) 550 Y;ej( ) 5550 1+C(S)H(S)G(S) f( ) ( )

— For a step input (Yref(s) = K/s), the error cancels if there is at least one integrator in the
open-loop transfer function.

—  For a ramp input (Yref(s) = K/s?), two integrators are needed to achieve zero steady-state
error.

— For a sinusoidal input K -sin(wg - t), at steady state, the error is a harmonic signal which

| 1 |
K [1+C(s)-H(s)-G(s)

‘8Yre :
1s such that !

module ‘gw

s=jw,

So if wy is inside the open-loop bandwidth, the error amplitude is inversely proportional to the
o

K |C(s)-H(s)-G(s)

‘gwa

open-loop gain at wy:

s=jw,
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Regarding perturbation rejection, using Eq. (6), we have

lime, (£) = lims - £, (s) = lim ———>- )
10 550 >0 1+ C(s)- H(s)- G(s)

-P(s). (8)

To have a perfect rejection, the open loop must contain the classes of the perturbations. Thus to
reject disturbances of class N, at least N integrators are needed in the open-loop transfer function.

2.3.2.2 Dynamic error

Let us assume that the velocity v and the acceleration y of the input are limited. The input signal is
then defined by the following constraints: v<v, ., 7 < ¥, -

Maintaining the dynamic error &, below a given limit &, results in a specification of a
minimum open-loop gain in a certain frequency range:

2
y
£,<8s = |OL(s)|S=j7ﬂ > Vmax )
v,

max max  “d ..

In general, this constraint results in imposing a finite open-loop bandwidth.

2.3.3 Stability and robustness of closed-loop systems
A closed-loop system is stable if the poles of its transfer function have a negative real part.

The stability of a feedback system can also be determined through the simple knowledge of the
open-loop frequency response, using the ‘Nyquist criterion’. This is of great practical importance for
controller design as it easily demonstrates how to modify the controller to make an unstable system
stable. The closed-loop system is stable if the critical point —1 is on the left-hand side of the open-loop
Nyquist curve, for w increasing. Two quantitative measures are commonly used to determine how
stable (robust) the system is. The phase margin is the amount of phase lag required to reach the
stability limit. The gain margin, similarly, states how much the controller gain can be increased before
reaching the stability limit.

Phase margin: InOL]

4

®,, =180°+arg[ OL(j-w,)].  (10)

where w,_ is such that ‘OL ( J- wcr) =1.

Gain margin: G

M=oy (1D
|0L(]-w”)|

where w_ is such that arg[OL(j W, )] =-180°.

Typically, 30°<®d,, <60° , G,,>6 dB. w—0
Fig. 5: Closed-loop system stability

There is an obvious contradiction between precision and stability specifications. Thus the
controller design will be the result of a trade-off.
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2.3.4 Influence of the poles on the transient behaviour

The contribution of real and complex poles on the transient behaviour of a system is represented in the
complex plane in Fig. 6. An important observation is that the most distant poles to the left yield a
faster transient regime. So the poles closest to the imaginary axis are the ones that tend to dominate the
response since their contribution takes a longer time to die out. These poles are called dominant poles
if the ratio of their real part to that of any other poles is typically lower than 1/5. A transfer function
can be simplified by keeping only the dominant poles (and the static gain unchanged). This makes
control loop analysis and design easier. Also, lower-order controllers can be obtained.

Contribution of real poles Contribution of complex poles

Irulse Response Inpulse Response
In?(S) Impulse Response In”‘-(S) ‘@
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Fig. 6: Influence of the poles on the system transient behaviour
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2.3.5 Particular case: second-order systems with complex conjugate poles

The search for a good compromise between speed and stability generally leads to the choice of a first-
or second-order behaviour for the closed loop. For second-order system behaviour, the design
specifications imply constraints on the cut-off frequency w, and the damping ratio ¢ of the targeted
transfer function Eq. (12). Figure 7 shows the parameters usually used to characterize the step
response, and Egs. (13)—(15) link cut-off frequency and damping ratio to these parameters.

1.4

- Targeted closed-loop transfer function:
> M,

12} /\ . W
1 CLdes (S) = - 5 (12)

STH+2-8w s+ W

2% Rise time (10% —> 90%):
E 06
| t~(2.6-C7—045-C +1.2)/w, ; (13)
. tr 2
o2r I T Peak overshoot: M = g/ ; (14)
. . .
° oe Time (se0) 1 e Settling time (to 1%): ¢, ~4.6/¢-w, . (15)

Fig. 7: Step input response

2.3.6 Influence of a zero on the system behaviour

In the case of a second-order system, the corresponding transfer function is
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CL(S):K-(s+zo)/(s—p1)~(s—p1), (16)
where z, is assumed to be a strictly negative real number.
So the unit step response of this system can be written as
K s+ K- K
£ %0 - %o + — . (17

Y(s) = - _
VT o) op) s G-p)G-p) G-p)-—p)

which gives in the time domain

1 d
y(t) = y2nd order (t) - y2nd order (t) ’ (1 8)
z, dt

where y, ... (¢) is the step response of the system Eq. (16) without zeros.

The second term of Eq. (18) reveals that the additional zero makes the system faster and more
oscillatory, and all the more so as its value is close to zero. So special care should be taken to design
appropriate zeros in a closed-loop transfer function.

2.4 Continuous-time controller synthesis

2.4.1 Controller design process

In the design of a controller, the first step is to get the dynamic model of the system to be controlled.
The principal difficulty in modelling power converters is that they are inherently non-linear and
present several distinct electric configurations during a switching period. By constructing equivalent
averaged circuit models, large-signal average models of the power converter can be determined. Then
linearization about a quiescent operating point may be necessary to obtain linear small-signal transfer
functions [1-4]. To elaborate power converter models, an identification processes from experimental
data can also be used.

Once the model is known, the specifications of the desired closed-loop performance have to be
defined. As explained in the preceding section, the choice of these specifications results from a trade-
off between speed and robustness. This choice is obviously linked to the plant dynamics but also to the
power availability of the power converter during the transient: the acceleration of the plant natural
response requires control peaks that are greater than the steady-state values. If the control variable
comes to saturation, the feedback loop is broken and the actuator remains at its limit independently of
the plant output. To prevent actuator saturation, the closed-loop performance has to be chosen
accordingly.

The last step is to choose the controller type and its design method.
2.4.2 Proportional-integral-derivative (PID) controller

2.4.2.1 Introducing PID control

The PID controller is by far the most dominant form of feedback in use today [5—7], especially for
analogue control. PID feedback is simple and intuitive: it involves only three separate constant
parameters to tune the control loop. As shown in Egs. (19) and (20), it is based on the past control
error (integral term), the present control error (proportional term), and the future control error
(derivative term). Many controllers (PI) do not even use derivative action. This kind of controller is
well suited for systems exhibiting dominant first- or second-order behaviour, for which the desired
performance of the closed-loop as compared to the open-loop response of the system is not too
demanding.
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t
d

PID algorithm: u(t) =K, -&(t)+K, j 20+ Ky 2(0): (19)

0

. . _ i Kd " S < <
Controller transfer function: Gp(s)=K, +T + K , 10N, <20. (20)
1+—4 .5
N-K,

As a pure derivative amplifies noise, the transfer function standard form includes a low-pass
filter on the derivative term.

A number of alternative approaches for PID tuning are available, including the following ones:
—  heuristic tuning procedures: Ziegler—Nichols, Cohen—Coon, etc.,
—  graphical methods: loop shaping, root locus, etc.,
—  pole placement,

— minimization of integral type criterion.

2.4.2.2  Putting it into practice

Let us focus on two design methods—Iloop shaping and pole placement—in the following example
where controllers have to be designed for the current and voltage control loops of a Buck converter
feeding an inductive (R-L) load.

+) = . 4 Load

Iref | - Vref o '
—iQ?{(](S)Jﬁ% + i) J— PWM

Current loop Voltage loop signal
controller controller

Fig. 8: Control of a Buck converter

Loop shaping is one of the most elementary methods used to design classical controllers such as
PIDs. The controller is determined by manipulating (shaping) the open-loop frequency response, such
that it meets the design specifications.

Let us assume the following specifications for the voltage loop:
—  zero static error,
— dynamic precision, i.e., open-loop gain higher than 40 dB up to wy,

— bandwidth {0, w.},

phase margin @y, greater than 50°.

The plant model does not have a pole at s = 0 (integrator): it is necessary that the controller
contains an integral action to cancel the static error. So a PI controller is first tried for Ci(s). Its
parameters are adjusted to meet the open-loop gain constraints, as shown on the Bode plot in Fig. 9.
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However, with this setting the phase margin requirement cannot be reached. A derivative action is
then added to correct the phase margin and meet the stability requirement.

Bode diagram

80 System
T ——OLwith PI
60 R ——OL with PID
. — RERII —FPI
_ S Lead compensator
g 20 o T T~
° bt S —
° DS
g \\\ </,__/
c 0 = P =3
) ] £ = <
Q e~ N~ \
=z 5 Wo — Wei | Wars ~
. R - O
40 -
\\
-60
90
45 e
””1/ \\\\\N
= 0 . -
> Sy EEme==
s —
o 45
[Z] -
£ o0 == Dy=75°
e
155 &\ \
- :::\\\ T
— O i
180 D=2
10° 10’ 10° 10° 10° 10°

Frequency (Hz)

Fig. 9: PID tuning using the loop shaping method

Pole placement is used in the following to design a PI controller for the current loop. This
method consists of placing the closed-loop poles at the desired positions by calculating the controller
parameters such that this condition is fulfilled.

The open-loop transfer function is
by
OL,(s)=C;(s)-CLy(s)- —, b, :l/Rload’ a :Lload/Rload’ e2))
l+a,-s
where CLy () is the closed voltage loop transfer function.

If the current loop bandwidth is low compared to the voltage loop bandwidth, Eq. (21) can be
simplified as follows:

k. b

OL,(s)~k, ~(1+—‘j~—°. (22)
s ) 1+a,-s

The system pole can be cancelled by setting k, = 1/ a, . The closed-loop transfer function then

shrinks down to a first-order transfer function:

1
1+ (a, [k, -by)-s

CL,(s)= (23)

To make the closed-loop behave like a first-order system with a rise time equal to 7 , the
closed-loop pole has to be placed at —w, , where w, =2.2/¢ . This results in the following choice

for the parameter £ :

kp =4 'Wn/bo . 24)
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The pole cancellation technique requires a good knowledge of the process: if ay is likely to
vary (L, = f (1)), this method can bring about poor results (especially when the pole is close to the

origin). In that case, system pole cancellation should be avoided. The closed loop transfer function is
then of second order. The PI parameters can be computed by identifying the coefficients of the closed-

loop transfer function denominator with those of the polynomial s* / we +(2-¢/w,)-s+1, where w,

is the desired cut-off frequency (which can be related via Egs. (13) and (15) to rise time and settling
time) and ¢ is the damping ratio (which has to be chosen greater than 1 for aperiodic behaviour). We
obtain

ky=(a-2:¢w,=Dfb,,  k=a,-w,[(k,-b). (25)

This controller setting, however, gives rise to a zero —k; in the closed-loop transfer function,

which may affect the transient response (see Section 2.3.6). A solution to this issue is to cancel this
zero by filtering the reference, as shown in Fig. 10.

. I
(1+5/k;) [kp~(s+ki )/SHH(S) e,
Ref filtering — PI controller Plant

Fig. 10: Reference filtering

Iref

IP controller

Another issue is the so-called integral windup phenomenon: when the output of either the
current or the voltage controller saturates, the integral term of the controller increases and may
become very large. At the end of the saturated mode of operation, a negative error is needed to remove
the accumulated positive error, which may give large transients. Many anti-windup methods have been
proposed [8—10]. A simple way to implement anti-windup is to switch off the integrator (by zeroing its
input) in case of control output saturation. Other schemes, like the one represented in Fig. 11, enable
the integral part of the controller to be dynamically saturated.

o f
o W

+

- Plant

Fig. 11: Example of anti-windup solution

3 Discrete-time control

The development of digital technology over the past two decades along with increased performance
demands have led to a growing use of digital control in power converters [11, 12]. The benefits of
using digital over analogue control are numerous: performance enhancement (as digital control allows
more complex regulation schemes), improved flexibility, system monitoring and archiving
capabilities, better noise immunity, to name a few. One major issue is the delay introduced with a
digital controller. Other issues, such as aliasing, quantization errors, or limit cycling, may also affect
the system operation [13, 14].
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3.1 Introducing the Z-transform

The Z-transform is the discrete-time counterpart of the Laplace transform. It is an essential tool for the
analysis and design of discrete-time systems. Let us consider a sequence x(k) of sampled signals,
where x(k) takes the value of the analogue signal x(¢) at the Ath sampling instant (the sampling period
Ts is assumed constant). The Z-transform of this sequence is defined as

+00 i
X(z)= 2Zx(k)-z ", (26)
k=0
where z is a complex variable which is related to the Laplace operator by z =¢*™* .

Ts

From the Laplace time-shifting property, we know that e
Therefore z ' ="
are listed below:

is the time delay by 7s seconds.
corresponds to a unit sample period delay. The main properties of Z-transforms

— linearity:
Z[A-x(k)+ - y()]= 2- X (2)+ p-Y (2), @7)
— shifting property:
Z[x(k-n)]=z" X(2), (28)
— convolution:
Z[x (k) * y(k)] = Z[ :ZX(n) “y(k— n)} =X(2)-Y(2), (29)
— final value:
}Lng x(k) = ligl(z -1)-X(2). (30)

Some examples of Z-transforms:
— discrete impulse: X(z) =1,
: 1
— discrete step: X(z) = P |Z| >1,
-z

-1
V4

Tables of commonly encountered Z-transforms can be found in the literature (see the references).

— discrete ramp: X (z) = |Z| >1,

3.2 Relation between Laplace transforms and Z-transforms

Let x(#) be a causal continuous-time signal whose Laplace transform is X(s), and let x(k) be the
discrete-time signal obtained by sampling x(¢) at a uniform rate 1/75.

3.2.1 Case of signals having only simple poles

If X(s) has only simple poles, it takes the following form:

N 4.
X(s)=% . 31)
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The expression of the corresponding Z-transform is

(32)

Thus, a pole s; = o; + j - w; in X(s) gives rise to a pole z, =" =e”" .e/™™ in X(2).

This relation enables one to establish the correspondence between the pole location in the s-

domain and that in the z-domain.

Jw I m( )

s

I . 371'/TS.. . /

I Ts | ﬁ/TS _sTs . \

. l 7 z=¢ ~ -{ w=10
—m el S '(.-. ///;e()

Gli _;/;2.//% - :/.+/

— o o o

; —3nfTsfee // o 61 G %//”

Jw Im(z) .
2 ik -
......................... /T ;o wis=n
.\. /T. /
‘\ .

‘HTS= % wls=
/ . e / Re( Z)
P / /
/ .
R — 7/Ts- . /// %
//uTS— J’Z'/%

Fig. 12: Mapping of the s-plane to the z-plane

The portion of the s-plane to the left of the imaginary axis maps to the inside of the unit circle in
the z-plane, and the imaginary axis maps to the unit circle. So the stability region in the s-plane

{ 0, <0} maps to {|zi|<l}.

Lines of constant frequency in the s-plane become radial lines in the z-plane. The negative real
axis in the s-plane maps to the interval 0 to 1 in the z-plane.
Lines of constant real part map to circles centred at the origin.

The lines of constant damping ratio in the s-plane become logarithmic spirals in the z-plane.
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An important observation is that poles in the s-plane whose imaginary parts differ by a multiple
of 2- 7z/ Ts belong to the same locations in the z-plane: the unit disc can only represent signals of

frequency up to the half the sampling frequency (the Nyquist frequency). The condition which has to
be satisfied so that two different poles in the s-plane do not correspond to the same point in the z-plane

is Ts<7r/max|wl.|. (33)

3.2.2 General case

In the general case, the relation between X(s) and X(z) is given by

. 1
X(Z) = z Residues {X(S) . T} . (34)
s;= poles of X (s) l-e 4 5=5;
The residue at s, a pole of multiplicity m, can be calculated as follows:
Residue { X(s)— U i sy xs) ! (35)
1-e" .27 s, (m=Dl s ds™! g - .27 |

3.3 Modelling of digitally controlled continuous-time systems

Let us focus on the physical process represented in Fig. 13, which is digitally controlled at the period
Ts, and whose output is sampled at the same period. The structure of this hybrid system consists of a
sampler (the analog-to-digital converter, or ADC), a digital controller, the continuous-time process,
and a so-called hold-device (here assumed to be a digital-to-analog converter, or DAC). The sampler
is preceded by an anti-aliasing filter (not represented in Fig. 13), which should preferably be taken into
account for modelling.

‘Discretized’ plant

Perturbations Ts

|

Iref(k) + (k) (k)
2

Digital | Plant
controller

— H() —

Fig. 13: Digitally controlled plant

The DAC converts u(k) to u(f) by holding each sample value for one sampling interval (zero-
order hold operation). Hence it introduces a delay equal to Ts/2. The transfer function of a zero-order
hold is

1 _asTs

H,o(s) = eT . (36)

From an external point of view, the set {zero-order hold + plant + sampler} is a discrete system,
whose transfer function can be derived from the plant transfer function according to

H(s)}
|

H(iz)=(1-z") Z[ (37)
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It is interesting to note that if H(s) has poles s =1s;, then the transfer function H(z) of the

‘discretized” system has poles z = e*" . But the zeros are unrelated. Let us define

Y(2)=Z[y(k)] ; Yref(z)=Z[Yref(k)] ; E(z)=2Z[e(k)] ; U(z)=Zuk)].

The open-loop transfer function is then

OL(z) = ; (2 = C(2)-H(2) (38)

and the closed-loop transfer function is
Y(z) _ C(2)-H(z)
Yref(z) 1+C(z)-H(z)

(39)

The use of the operator 271 is often preferred as it refers to the past and not the future. The
transfer function of the digital controller can then be written as

U(z) b0+b1-z_1+...+bp-z_p
= = Pt

C(2) (40)

EG2) l4a-z '+ .+a,-z
Hence,
(+a, -z +.+a,-z7")-U(z)=(by +b, -z +..t+b, z7") E(2). (41)

Using the Z-transform shifting property, Eq. (28), the following difference equation is obtained,
where the present output is dependent on the present input and the past inputs and outputs:

u(k)=by (k) +by ek =1 +...+ b, -e(k = p)—ay -u(k =1)~...~ a, -u(k —n). 42)
This is the controller algorithm.

3.4 Analysis of closed-loop discrete systems

3.4.1 Stability and robustness of closed-loop discrete systems

As seen in Section 3.2, a discrete system is stable if all the poles of its transfer function have a
modulus strictly inferior to 1. So the closed-loop discrete system Eq. (39) is stable if all the roots of
the characteristic equation 1+ C(z)-H(z)=0 have a modulus strictly inferior to 1. The stability

margins are defined as:

Phase margin: [m{()L]
®,, =180°+arg| OL(e™™™) |,  (43) !
where w,__ is such that ‘OL(ej Maly =1, i
1 ’ »RJOL]
Gain margin: G, = W, (44)
where w_ is such that afTs < wenlTs
arg I:OL(ej W s )] =—180°. Fig. 14: Closed-loop discrete system stability
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3.4.2 Influence of the poles on the system behaviour

The influence of the system poles on its transient behaviour is summarized in Fig. 15. Two interesting
remarks are as follows:

— poles closer to the origin lead to a faster transient regime;

— the impulse response caused by poles having negative real part cycles back and forth between
positive and negative deviations from the steady-state value.

Contribution of real poles
Im(z)

Contribution of complex poles

In(z)

» Re(z)

v

| / | | %/ Re(z)

_—
-\\§

St
N
S

P

a

Fig. 15: Influence of the poles on the system transient behaviour

3.4.3 Particular case: second-order systems

As seen previously, a common controller design method consists in deriving the controller parameters
from a pole placement, such that the dominant closed-loop dynamics is of first or second order. If a
second-order system behaviour is chosen, this strategy consists in identifying the coefficients of the
closed-loop transfer function denominator with those of the following reference polynomial:

Deng, (2)=(1-z-2")(1=z-2") B, (2), (45)

i, 13{¢-jA=6%)

containing additional faster poles.

and z, are the desired dominant poles, and P,

aux

where z, =¢ is a polynomial

The choice of the dominant poles depends on the closed-loop behaviour specifications: the rise
time and peak overshoot requirements impose the values of the cut-off frequency w, and the damping
ratio £ of the closed-loop system, according to Egs. (13) and (14). The settling time requirement puts a
constraint on the sampling period:

t,=4.6/w, = |z|<e* ™ 20.01"" (46)

3.4.4 Precision of closed-loop discrete systems

The conclusions in the continuous-time domain remain valid: to achieve zero steady-state error, the
open-loop transfer function must contain the internal model of the reference (for example, at least one
integrators (pole at z = 1) is required for a step input). To reject perturbations of class N in steady state,
at least NV integrators are needed in the open-loop transfer function.
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3.5 Discrete-time controller synthesis
There are two main strategies employed to design digital controllers:

— Emulation design, which consists in designing first a controller in the continuous-time domain.
Afterwards, the controller is discretized such that the overall system preserves its
characteristics.

— Direct discrete-time design, which consists in discretizing the plant at first using an appropriate
hold device. Analysis and design can then be carried out in the discrete-time domain.

3.5.1 Emulation design

3.5.1.1 Principle of emulation design

The first step is the continuous-time controller design. At this stage the sampling is ignored. The next
step is the discretization of the controller by using an approximation (emulation) method enabling the
approximation at best of the continuous-time controller. The usual approximation methods are the
Euler method and the Tustin method (also called bilinear transformation), which consist in substituting
s by Egs. (47) and (48). The controller algorithm (difference equation) can then be derived.

1 _
Backward Euler transformation: s —> F (1 -z 1); 47)
s
. . 2 1-z7!
Tustin transformation: s —>—" . (48)
Ts 1427

As an example, let us discretize a PI controller using the Tustin transformation:

C(s)=kp - (1+ ki /s);

_ V+ki -Ts/2+(=1+k; -Ts/2) 27!
(o) =Cls)|,_2 15 =k o| AT l thi T/ )z

Ts 14,71 1-z

3.5.1.2 Comparison between Euler and Tustin approximation methods

Both approximation methods preserve the stability, as shown in Fig. 16.

Euler Tustin
In(z) Im(z)

h

Half-
plane :> 1 Re(z) L Raz)
Re(s) < 0

An unstable continuous-time
systemcan be mappedto a Perfect correspondence
stable discrete system

Fig. 16: Transformation of the stability region

Let us examine the image of a pole s( of a continuous-time system, obtained through these
transformations:
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—  With the Euler transformation, the corresponding pole in the discrete-time domain is

zo =1/(1=s - Ts)=1+(sq - T5)+ (s - Ts)* + (s - Ts)’ +.... (49)
—  With the Tustin transformation, the corresponding pole is

1 1

zo = (145, -Ts/2)/(1—s0 Ts/2)= 1+(sO -TS)+§'(S0 -Ts)2 +Z~(S0 -Ts)3 +.... (50)

Compared to the relation
so-Ts 1 2 1 3
zy=€°" = 1+(S0 'TS)+5'(S0 -TS) +g-(s0 -TS) +... (51)

Egs. (49) and (50) constitute, respectively, a first-order and a second-order approximation. The higher
the sampling frequency, the smaller the approximation error.

The poles (and the zeros) being not preserved, the system frequency response is changed. By
way of example, the frequency responses of the derivative terms obtained through both
transformations are shown in Fig. 17.

Bode diagram
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Ideal derivative
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T T
@ 45
]
e
o

10° 10'

Frequency (rad/sec)
Fig. 17: Discretization of a pure derivative (7s = 0.3)

It can be seen that there is an inherent filtering effect at high frequencies with the Euler
transformation, whereas with the Tustin transformation the magnitude increases with the frequency,
resulting in noise amplification at high frequencies. Thus the Euler transformation is more appropriate
for the discretization of high-pass filters, and the Tustin approximation is more appropriate for the
discretization of low-pass filters. To convert continuous-time controllers to discrete-time ones, the
Tustin method is the approximation of choice, as it provides better accuracy.

To conclude, an emulation controller always suffers performance degradation as compared to its
continuous-time counterpart. To make the set {ADC — digital controller — DAC} behave the same as
the continuous-time controller, a very fast sampling frequency may be needed. Special attention
should be paid to the impact on the loop phase margin of the control delay (ADC and DAC delays +
delay due to the computation of control algorithm by the processor) and the anti-aliasing filter.

3.5.2 Direct discrete-time design

Working entirely with discrete systems, using plant discrete-time modelling, is another approach. This
design method enables us to relax the constraint on the sampling period.
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3.5.2.1 Discussion on the choice of the sampling period
A too small sampling period has the following consequences.
— Fast and expensive control hardware is required.

— Numerical issues may occur: the relation between poles in the s-domain and the z-domain is

given by z, =e"" . So for Ts — 0 we have z; — 1 Vs;. This may cause trouble when
working in finite precision.

— The plant discretization may lead to the introduction of unstable zeros, which are difficult to
compensate for.

On the contrary, a too large sampling period results in the following.

— Loss of information and aliasing, in the case of the violation of the Nyquist-Shannon
sampling theorem.

— The regulation may not react readily enough to disturbances affecting the system.

— Plant discretization may yield poles having a negative real part: this is not desirable as the
step response caused by such poles cycles back and forth between positive and negative
deviations from the steady-state value. To prevent this, the following condition must be

satisfied: 1/Ts > (2/) ‘ Im(s; ) ‘ :
A suitable choice for the sampling period is
1

CL CL
EE[GFB , 25-F ] (52)

where FBCL is the desired closed-loop bandwidth [2,14].

3.5.2.2  RST-controller design

The general structure of a discrete controller for linear single-input single-output systems is
represented in Fig. 18.

perturbations
[)
Yref 1 +l )
— |1z ") 4’(& S

Fig. 18: RST-controller structure

This tri-branched structure is known as the RST structure: R, S, and T are three z~' polynomials
to be determined, usually by pole-zero placement. The control signal is calculated as

T(z™h
Siz™h

This is a combination of feedforward (first term) and feedback (second term), which can be
tuned separately. The general approach with RST is to decouple the tracking behaviour (reference

-1
-Yref(z)—%-Y(z). (53)

U(z) =
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following) from the regulation behaviour (disturbance rejection); R and S give the regulation

behaviour, and 7 gives the tracking behaviour [15-18].
The tracking transfer function is
Y B-T
Yref A-S+B-R

and the regulation transfer function is
A-S
A-S+B-R’

¥
P

Note that a PID controller is a special case of RST controller, where

Numy,, (z’l) = R(z’l) =1, +5 2y 7 .z ,

Denyp(z7)=8(z")=(1~z")-(I+s,-27),

T(z"")=R(z™).

The RST control law can be synthesized using the following design method:

1. Choice of the desired closed-loop transfer function:

CL..(z")=B,(z")/4,(z")

(54)

(55)

(56)

If a second-order system behaviour is chosen, A4, has the following form (see Section 3.4.3):

4,z = P (z7) P (z)=(-z-27)-(1=2-27)- B, (z7),

aux

- —Cow Ts _+jow, Tsaf1=¢? .
where z,,z, =e "™ e/ VI are the dominant poles.

If a first-order system behaviour is desired, P, is of the form

Pdom(zil)z(l_al '271)7

~Ts/t

where g, =e ", 7 being the desired time constant.

2. Cancellation of stable poles and zeros of the plant transfer function:
Let us expand the plant transfer function:
B(z) _B(z1)-B'(z")

HE e T A

(57)

(58)

(59)

— A (z7") contains the poles which will not be compensated, namely poles lying outside the
unit circle (called unstable poles), poorly damped poles, and poles with negative real part.

— B (z7") contains the zeros which will not be compensated, namely zeros lying outside the

unit circle (unstable zeros), the plant pure delay (of the form z ™), poorly damped zeros,

and zeros with negative real part.
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B (z7") cannot be a factor of 4-S+B-R (the closed loop would be unstable). Thus
B, (z™") must be of the form

B,=B-B,. (60)
The pole—zero cancellation yields
R(zH=4"(z")-R(z"), (61)
Siz"Y=B"(z")-S,(z"), (62)
T(z")=4"(z")-B, (z7). (63)

3. Perturbation rejection in steady state: an appropriate number of integral terms is introduced into
the loop by means of the polynomial S:

S,z H=01-z)"-8,(z7), (64)
where n and / are, respectively, the perturbation and plant classes.

4. Computation of R and S: the polynomials R,(z™') and S,(z'), of the smallest possible
degree, are determined by the resolution of the Diophantine equation:

A (zN-A=-zY"-85,EH+B () R(zH=4,z") (65)
Then R and S are derived from Egs. (61), (62), and (64).

5. Computation of T using Eq. (63). To ensure unity gain to the closed loop, the condition
T (1) = R(1) must be satisfied.

Let us return to the example used in Section 2.4.2.2—the RST controller for the outer current
loop is designed in the following. The design specifications are:

— regulation behaviour—second-order system behaviour with a closed-loop bandwidth equal
to FBCL;
— tracking behaviour—no overshoot.
The controller sampling period is chosen according to Eq. (52).

Let us assume that oversampling is used to improve resolution and reduce noise of the current
measure, and that the cut-off frequency of the anti-aliasing filter is high compared to FBCL ; hence there
is no need to take it into account in the open-loop transfer function.

Let us also assume that the bandwidth of the inner voltage loop is high in comparison with the

sampling frequency of the outer current loop: the digital model of the voltage source can be reduced to
a simple unit gain.

Thus the plant transfer function shrinks down to

i b
H(S) - e_tc'b ' 1+ , ’ Wlth bo = 1/R]oad 4 al = Lload /R]oad 4 (66)

a,-s
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where tc =n-Ts —60 (0 < 0 < Ts) is the delay associated with conversion and computation times.

The discrete-time model can then be derived from Eq. (37):
—tcs b O-s 1
HEY=(-z2"2| S 2 |op 22"z .
s l+a;-s s l+a-s

Using Eqgs. (34) and (35), we have

e” 1 | e™ 1 |1 e” 1
VA : =lim . — [+ Im | —— ——————
s l+a;-s| 0 1+a;-s 1-¢7 -z solal g s 1-€"" -z

1 e*‘g/al

1-z7" 1—e™a.z7t7

Finally,

L B I Y L
H(z "= =b-z"- ) 67
( ) A(Z—I) 0 l_e—Ts/al 'Z_l ( )

Let us assume that T's << a, (sampling period small compared to load time constant) and tc << T .
Equation (67) becomes
Biz"Y b, ., Ts  k-z!

H(z"= ~2.z7. = . 68
(=) Az aq o (%)

An integrator is placed into the polynomial S(z'), ie., S(z_l):(l—z_l)-Sl(z_l). The

polynomials S| and R are then calculated by solving the following Diophantine equation:
A-zH8, Y +k -z R =4,") =0~z -z")-(1-z-z7"), (69)
where z,,z, =e ™" AR w, =2-7-Fy",and £ >1. We obtain
S, (zH=1= SzH=1-z7", (70)

2—(z,+2z) . z,-z,—1

R(z "= rp + 1 .z7", with Ty = , N
kl kl

(71)

If a simple gain is chosen for 7, there is no undesirable zero in the tracking transfer function (no
overshoot). To ensure unity gain to the closed loop, we must have

T(zY=ry +n. (72)

If a good tracking of the reference (with no lagging error) is required, the polynomial 7' (Zil) can be
fixed as follows:

T(zY=A4,:z"k=0-z-z")-(-z-27")/k. (73)

Then the tracking transfer function becomes

349



F. BOUVET

(@) _ B(z)-T(z") _hez TE

Yref(z) A(z™")-SH)+Bz)-RzY 4, ’ ™

which means that the control loop replicates exactly the reference with one sampling step delay. This
control technique, called dead-beat control, is very attractive since it can theoretically provide the
fastest dynamic response for a digital implementation [18-20]. However, it requires an accurate
modelling of the plant (polynomials 4 and B). In the case of model and parameter mismatches,
significant deviations from the expected closed-loop performance can take place. Therefore,
identification from experimental data may be necessary to refine the plant model. Moreover, if the
plant parameters are likely to vary (e.g., magnet saturation), adaptive control with on-line tuning of the
RST parameters may be required.

4 Conclusion

A brief review of regulation loops design in the continuous-time domains has first been made: the
choice of the closed-loop performance has been discussed. PID controller synthesis using classical
methods has been presented along with illustrating examples. Two different approaches to synthesize
digital controllers have then been examined. The first one basically comprises translating an existing
analogue controller (generally of PID type) into a digital one by using an approximation method. A
good approximation of the continuous-time controller may imply the use of a high sampling
frequency. The second method consists in synthesizing the digital controller by working with discrete
systems exclusively. The sampling frequency is then chosen in accordance with the desired closed-
loop bandwidth. This enables a better use of the potentialities of digital control, as the decrease of the
sampling frequency favours the implementation of more complex control algorithms (RST type,
requiring greater computational time), and the introduction of better digital signal filtering.
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Abstract

The accurate measurement of power converter currents is essential to
controlling and delivering stable and repeatable currents to magnets in
particle accelerators. This paper reviews the most commonly used devices
for the measurement of power converter currents and discusses test and
calibration methods.

Keywords
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1 Introduction

Power converters for particle accelerators are required to deliver extremely accurate currents to the
accelerator magnets. An essential element in guaranteeing the required performance is the current
measurement device used for the control of the power converter current. For this reason, a lot of the
developments within the field of current measurement for power converters over the last 50 years have
been driven by the accelerator community and have happened in collaboration with the accelerator
world. In the following sections the main current measuring devices available for power converter
applications will be reviewed and discussed, including some of their advantages and disadvantages.
Test and calibration methods will be discussed and their application to different accuracy requirements
evaluated.

2 Metrology—Terms and definitions

There can be some confusion when using metrology terms in power converter applications for
accelerators. Accelerator applications require repeatable and stable magnetic field conditions, and
therefore power converters must provide repeatable and stable currents. The measurement devices
used to measure these currents play a crucial part in obtaining this performance.

Current measuring devices are often specified by manufacturers and users in terms of
‘accuracy’ and ‘precision’. It is therefore useful to clarify the use of these terms and some of the
metrology vocabulary required to properly describe and characterize the performance of measurement
devices.

According to the guide to the expression of uncertainty in measurement [1], accuracy is a
qualitative concept referring to the closeness of agreement between a measurement and the true value
of the measurand (or an accepted reference value). The quantitative expression of the accuracy (or
lack of it) of a system is called uncertainty. Uncertainty is a non-negative parameter characterizing the
quantity values attributed to a measurand. It is often expressed by a standard deviation. As for
precision, it refers to the spread between measurements under the same conditions with no regard for
the true value of the measurand [1].

The difference between precision and uncertainty is that uncertainty is given with regards to the
true value of the measurand. The most common approaches to express uncertainty are:
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— representing each component of uncertainty by a standard deviation;
— obtaining the combined uncertainty using the root-sum-of-squares method;
— multiplying the combined uncertainty by a coverage factor £, to increase the level of confidence.

A coverage factor of £ = 1 means that 68.3% of the measurements are asserted to lie within the
given uncertainty. A level of confidence of 95.5% corresponds to a coverage factor k£ = 2.

In accelerator applications, it is often useful to characterize a current measurement system’s
capabilities in terms of gain and offset errors, linearity, repeatability, reproducibility and stability.

Repeatability is extremely important in accelerator applications. Repeatability can be defined as
the closeness of agreement between successive measurements carried out under the same conditions,
while reproducibility refers to changing conditions [1]. The offset and gain errors refer to the
systematic error at zero and full scale. Linearity describes a difference in the systematic errors
throughout the measuring range, and stability can be defined as the change of measurement errors with
time.

3 Current measuring devices
Table 1 presents a comparison of several well-known current measuring devices, including direct-
current current-transducers (DCCTs) and current transformers (CTs) and some of their most important

characteristics.

Table 1: Current measuring devices

DCCTs Hall effect CTs Rogowsky Shunts
Principle ~ Zero flux detector Hall effect Faraday’s law  Faraday’s law Ohm’s law
Output Voltage/current Voltage/current ~ Voltage/current Voltage Voltage
Accuracy  Best devices can Best devices can  Typically not ~ Typically percentage PPM uncertainty
reach ppm reach 0.1% better than 1%  uncertainty, better is  for low currents,
uncertainty uncertainty uncertainty possible with digital percentage for
integrators high currents
Ranges Tens of A to tens of Hundreds of mA  Tens of A to High currents up to  From mA up to
kA to tens of kA tens of kA 100 kA possible several kKA
Bandwidth kHz for higher DC DCuptoa Typically 50 Hz A few Hz possible,  Up to hundreds of
currents, up to a couple of up to a few up to MHz kHz with coaxial
couple of hundred hundred kHz hundred kHz assemblies
kHz for lower DC
currents
Isolation  Yes Yes Yes Yes No
Error Magnetic Magnetic; Magnetic Magnetic integrator ~ Power
sources (remanence, external Burden resistor;  (remanence, (offset stability, coefficient;
fields, centring); Output amplifier; external fields, linearity, temperature Temperature
Burden resistor Hall sensor centring, coefficient) coefficient;
(thermal settling, stability magnetizing Ageing;
stability, linearity, (temperature current); Thermal voltages
temperature coefficient, Burden resistor
coefficient); piezoelectric
Output amplifier effect)

(stability, noise,
common mode
rejection,
temperature
coefficient)
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As can be seen, DCCTs guarantee the best performance but they are also the most complex devices,
with several possible error sources.

3.1 Current transformers

Current transformers (CT) are instrument transformers that produce, from an AC primary current, a
proportional secondary current. The secondary winding is connected to a burden resistor to produce a
measurable voltage signal.

The simplified equivalent circuit, referred to the secondary, of a current transformer [2] is
shown in Fig. 1.

I
Fig. 1: Current transformer simplified equivalent circuit

The magnetizing current causes an amplitude and phase error in the CT. The secondary leakage
impedance adds to the burden resistor, affecting the current distribution between /v and /. To improve
accuracy, the magnetizing inductance must be maximized and leakage inductance must be minimized
(high w4, good winding distribution). It is important to remember that, as the CT approaches saturation,
the magnetizing inductance decreases, increasing the error ratio.

Other sources of uncertainty include errors due to external magnetic fields. External fields move
the CT closer to saturation and therefore a magnetic shielding should be used to minimize this effect.

Figure 2 shows the low frequency and high frequency models of the CT.

| o za n R:

fup = OLF _ Rcll(Rp+R2)

2T 2Tt (1)
(a)
| I 1:0 I L2
>—o ° > LYYY
l/l
_®p1_ 1 _ ®p2 _ Rc
for = sz 2TRLC, fo2 = 2m 21l )
(b)

Fig. 2: Current transformer (a) low and (b) high frequency simplified equivalent circuits
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To extend the CT’s low-frequency response the magnetizing inductance should be maximized.
This means using high-permeability cores (e.g. silicon steel or nickel alloy). Limited low-frequency
response causes droop in pulse measurement applications. The high cut-off frequency is mostly
determined by leakage inductance and stray capacitance which, with some approximations, gives the
origin of the two real poles shown in Fig. 2.

3.2 Hereward transformer

In the 1960s, H.G. Hereward proposed an active current transformer circuit that used electronic
feedback to extend the low-frequency response of a CT and improve its accuracy (Fig. 3) [3]. In this
device, an active circuit senses the voltage across the CT burden and uses a feedback loop to produce a
compensation current that keeps the total flux in the cores at zero. The compensation current is a
fractional image of the primary current. The effect of the feedback is equivalent to increasing the
magnetizing inductance Ly by (4L + 1), in which Ay is the open loop gain of the sensing amplifier.
This technique results in improved accuracy and extended low-frequency response.

fip = wir _ Rell(RL+R2)
L 21 2Tl 3)

(b)

Fig. 3: Hereward transformer simplified equivalent circuit

3.3 DCCTs

In DCCTs this principle is taken further and combined with the magnetic modulator principle (used
since the 1930s in fluxgate magnetometers) to provide an accurate measurement of currents ranging
from DC to a few hundred kHz [4].

3.3.1 Theory of operation

In a DCCT the primary current generates a magnetic flux that is seen by three cores (Fig. 4). A
magnetic modulator drives two of the sensing cores in and out of saturation. The current peaks due to
saturation of the cores are symmetrical if there is no DC flux in the cores and unequal if there is a DC
flux in the cores. The current peak asymmetry due to any DC flux is measured and combined with the
AC component measured by the third core. A control loop generates a compensation current that
makes the total flux zero. This current is a fractional image of the primary current and can be
measured with a burden resistor and an amplifier [5].
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Power

Amplifier
Peak detector Burden
S — R eSiSt or
Oscillator

Fig. 4: DCCT theory of operation

3.3.2 Sources of error in DCCTs
Errors in DC measurements with DCCTs can come from different sources. The most common are
related to the magnetic head, the burden resistor and the output amplifier:
— magnetic head: sensitivity to external magnetic fields, return bar, centring;
—  burden resistor: gain error, settling at full scale (FS), stability at FS, linearity, gain temperature
coefficient (TC);
— output difference amplifier circuit: offset error, settling at zero, stability at zero, offset and gain
TC, noise, common mode rejection ratio (CMRR).

3.3.3 Magnetic circuit

The magnetic head of a DCCT plays an essential role in guaranteeing the ratio and offset accuracy in a
DCCT. The magnetic circuit comprises high-permeability tape-wound magnetic cores with
modulation windings. A magnetic shielding is used around the cores to protect them from external and
leakage fields. The secondary windings are wound on top of the shielded assembly.

In addition to the factors mentioned in Section 3.3.2, magnetic remanence and modulation noise
due to poor matching of sensing cores are other important factors to be considered in the design of the
magnetic heads (Fig. 5).

Soft-iron

ARMCO
Mylar insulation
0.1mm \

—
—_—
e —
I
. 1

Epoxyglass
insulation Tmm

——— Epoxyglass

/ 0.5mm

Vitrovac
6025F-G40 —|
Cores

Supermimphy L —_|
ring 0.8mm —_ |

_airgap Nanocrystallin tape
soft rubber — | insulation ring ™~ Radial screen
Epoxyglass

shock absorbers

Fig. 5: DCCT magnetic head design
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3.3.4 Burden resistor

The burden resistor is the most common source of uncertainty in DCCTs. Four-wire current sensing
resistors are normally used. For power dissipation, a foil-based technology is a better choice than a
wire. Common foil substrates are alumina and copper. A film deposited on a substrate is also a popular
solution (thin film, thick film).

An important aspect to consider in the choice of resistors is that tolerance and stability do not
always go together: processes that lead to tighter tolerances can result in degraded stability due to
degraded power distribution and the creation of hotspots.

The main factors affecting resistor performance are related to their thermal behaviour. Well-
known thermal effects upon resistance include the change of resistance with ambient temperature
(AT.TCR) and the change of resistance with internal temperature due to self-heating (P.6R.TCR). Less
well-known effects include the power coefficient of resistance, which describes the transient effect of
a change of resistance due to mechanical and thermal gradient phenomena linked to self-heating.
Hysteresis under power cycling and humidity absorption/evaporation are other important factors that
must be considered.

As mentioned above, resistor foil-based technologies are preferred, and bulk metal foil is now
widely used in precision applications. It consists of a rolled metal foil (NiCr) bonded to a substrate,
usually alumina. The foil/hard-epoxy/alumina combination is designed to give zero TCR to ambient
changes of temperature: the foil TCR compensates for mechanical compression due to the substrate’s
lower thermal expansion coefficient. The resulting TCR is close to zero. This works well when
temperature changes occur in all layers equally. However, with dissipation in the foil, thermal
gradients are different, which results in an over-compression of the foil and the effective TCR turning
more negative. The power coefficient of resistance describes this effect [6].

3.3.5 Output amplifier

The output amplifier of a DCCT is usually a difference amplifier circuit (Fig. 6). Some important
points on the design of this stage are the gain resistor drift (matched networks are often used) and the
common mode rejection, for which the matching of the gain ratios plays a crucial role. One should
notice that the burden resistor affects the matching of the gain ratios, degrading the common mode
rejection. This has to be taken in consideration in the choice of the ratio values. For the same reason,
gain adjustment through potentiometers should be avoided and can be replaced by digital calibration.

R2 R2

Idcctl R1

o [ > ) [ >+

R3 Vem
Ra

v $ $

() (b)
Fig. 6: DCCT output amplifier circuit. Matched ratio networks are typically used to implement the ratios R2/R1
and R4/R3 (a). The common mode rejection of the circuit is determined by the matching between the two ratios,
which is affected by the burden resistor (b).
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3.4 Hall effect transducers

Hall effect current transducers have been the transducers of choice for DC to AC current measurement
applications, when percentage accuracy is required. They are cheap, simple and easy to use, with PCB
and cable-mounted versions for a wide range of currents. There are basically two types of Hall effect
probes:

— open loop: a Hall probe is placed in the air gap of a toroidal magnetic circuit. The magnetic flux
generated by the primary current produces a Hall voltage in the probe, which is then amplified
to produce the output signal;

— closed loop: Hall voltage is used in a closed loop to generate a compensating current, which is
an image of the primary current.

When comparing these two types, closed loop models are preferred for higher accuracy
applications, although limited to not better than 0.1% uncertainty. For open loop models, 1%
uncertainty is typical. These limitations are mostly due to the stability of the Hall probe. Sensitivity to
EMI can also be an issue. Concerning bandwidth: core geometry, thickness of laminations, core
material and Hall chip all impact the bandwidth of open loop probes, typically not better than 50 kHz.
Closed loop probes can go up to 200 kHz.

3.5 Selection of current measuring devices

The choice of a current measuring device for a given application depends on various factors: type of
application (current range, bandwidth), required accuracy, required output signal (voltage, current),
need for isolation from primary current circuit, reliability (mean time between failures (MTBF)),
installation constraints, availability and cost.

For high current, high accuracy applications (e.g. >1 kA, <50 ppm), DCCTs are the devices of
choice. Although voltage output devices are more common, current output devices are also available
with secondary currents ranging typically from 1 A to 5 A. They are normally composed of a magnetic
head and a separated electronic chassis. This chassis must be installed close to the converter control
electronics in order to minimize output signal transmission distances. This type of DCCT usually
guarantees very good reliability.

For medium current, high to medium accuracy (e.g. hundreds of amperes, <100 ppm), DCCTs
are still the only devices able to deliver the required performance. In this case it might be easier and
advantageous to use current output devices. Current output allows the designer to adapt the burden and
amplifier choice and design to the required accuracy. In many cases, for these currents, electronics and
head are integrated together and installed close to the power components of the power converter and
far from the control electronics, this means a harsher environment and longer transmission distances
for the output signal. In such cases, current output can be an advantage.

For low accuracy (e.g. percentage uncertainty) applications, current transformers and Hall effect
transducers must be considered. Their simplicity and cost-effectiveness make them more attractive
than the more complex and expensive DCCTs. Shunts are another current measurement solution for
application where electrical isolation is not required.

A special mention for fast applications: if bandwidth is limited to a few hundred kHz, the
solutions described above may still apply. In particular, DCCTs’ small signal bandwidth can go up to
a few hundred kHz. One thing to watch out for in DCCTs is the modulation voltage noise at the output
of the DCCT and the voltage induced in the primary, which can be a problem in fast applications.

For bandwidths higher than some hundreds of kHz, Rogowsky coils and coaxial shunts should be
considered, as long as accuracy requirements remain around the percent figure.

3.6 Test methods

There are several methods for evaluating current measuring devices and, in particular, DCCTs. The
most important are discussed here.
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In the reference device method, the primary current is measured both by the DUT and by a
reference device, which are then compared (Fig. 7). According to ANSI/NCSL Z540.3-2006, the
performance of the reference device must be at least four times better than the device under test
(DUT).

Power Converter

O
O
[}

lout

v

3
ppm Thermal settling at 600A §
92 H
H

90

88

%6 \\ Iref
8 "\

82 N

80

78 ‘\“\_‘\\‘
76

7
00:00:00 00:20:00 00:40:00 01:00:00 01:20:00 01:40:00
hh:mm:ss ~Drift at 600A relative to reference unit

Fig. 7: The reference device test method

In the reference current method for testing DCCTs, a relatively small reference current is
injected into an auxiliary winding with enough turns to simulate primary ampere turns (Fig. 8). The
auxiliary winding can be permanent or temporary. The output of the DCCT is then measured with a
precision digital voltmeter and the errors calculated.

DCCT electronics DCCT head

recision

mplifier

10V@Inom

High Precision
DVM

Fig. 8: The reference current test method

In DCCTs, a reference current can also be injected directly into the burden resistor in place of
the compensation current (Fig. 9). The output of the DCCT is then measured with a precision digital
voltmeter and the errors calculated. This test allows us to understand which errors are caused by the
burden and output amplifier. This method must be used with care as common mode voltages between
the burden resistor ground and the precision amplifier ground depend on the point of connection of the
current source “low” terminal.
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DCCT head
DCCT electronics
recision|
mplifier
10V@Inom
e High Precision

DVM

Fig. 9: The burden injection test method

On current output devices, the reference current can be compared ‘back-to-back’ with the
DCCT current output as shown in Fig. 10. This test evaluates the quality of the current output of the
DCCT, which is normally much better than the voltage output.

DCCT head

— > -
1kQ Reference
Current
—<¢ < Source

DCCT electronics

Fig. 10: The back-to-back test method

3.7 Test strategy

The test methods described above can be used for testing a current measuring device before
installation and for calibration after installation. For high and very high accuracy applications, where
<10 ppm measurement uncertainty is required, DCCTs are normally used. In these cases, intensive
testing prior to installation is essential. These tests are performed in high-precision testbeds with
specially chosen reference units or modified DCCTs. The test campaign can include installation and
environmental tests such as centring, return bar influence, external magnetic field influence,
temperature coefficient, EMC (voltage dips, burst test immunity, conducted noise), as well as
performance tests such as gain, offset drift; settling at /l.m, linearity, noise, repeatability,
reproducibility and settling at /min.

In the most demanding applications these tests must be individually performed and the results
properly tracked. For the less demanding applications, type-tests on a few units might be enough. In
addition, integration tests should be performed upon installation of the DCCT in the power converters,
to validate EMC and performance [7].

3.8 Calibration strategy
The first question to evaluate when deciding on a calibration strategy is knowing if a calibration
strategy is really needed. Some of the issues to be considered when answering this question are:

— is long-term stability an important requirement in my application?

— what is the long-term drift of my current measuring devices?
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— is there a need for tracking between different power converters?
— what is the impact of DCCT replacement? For example, replacing a DCCT that has drifted can
cause a jump seen by the machine, and calibration can limit the size of this jump.

The calibration strategy must be adapted to the requirements of the application. For high- and
very high-accuracy applications (e.g. <10 ppm relative accuracy, 50 ppm yearly drift) the calibration
winding method and calibration against reference units are the best calibration methods. Both methods
require specific calibration equipment, such as a suitable current source and suitable reference devices.

For medium accuracy applications (e.g. <100 ppm relative accuracy, 1000 ppm yearly drift) the
comparison against a reference unit remains the best solution. The injection of a reference current into
the burden resistor might be a more practical alternative for field calibrations where the installation of
a reference unit is not possible. Again, these methods require either a suitable current source or
suitable reference devices.

For low-accuracy applications with requirements in the order of percentage yearly drift, the
need for calibration must be weighed against cost and effort, often resulting in a decision not to
calibrate.
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Abstract

This is a review paper updated from that presented for CAS 2004. Essentially,
since then, commercial components have continued to extend their
performance boundaries but the basic building blocks and the techniques for
choosing the best device and implementing it in a design have not changed.
Analogue to digital and digital to analogue converters are crucial components
in the continued drive to replace analogue circuitry with more controllable and
less costly digital processing. This paper discusses the technologies available
to perform in the likely measurement and control applications that arise within
accelerators. It covers much of the terminology and ‘specmanship’ together
with an application-oriented analysis of the realisable performance of the
various types. Finally, some hints and warnings on system integration
problems are given.

Keywords:
DACs; ADCs; delta-sigma; quantum voltmeter; IEC60748-4-3.

1 Introduction

Analogue to Digital and Digital to Analogue Converters (ADCs and DACs) are some of the most
important components in measurement and control technology. Their job is to transfer information
between the real world and the digital world as faithfully as possible. See Fig. 1 for a typical situation.
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Fig 1: Measurement and control loop

Because of the advances in digital processing and its continuing improvement in cost
effectiveness it is becoming more and more desirable to trade-off analogue for digital circuitry. An
expression for this, commonly used in the communications business, is the trend to push ‘digital to the
antenna’, thus notionally replacing all of the circuitry in a communications receiver with digital
processing. The purpose of this article is to consider current commercial ADC and DAC technology
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suitable for application in measurement and control rather than the very highest performance special-
purpose devices. This paper is an update on that appearing at the CERN accelerator school 2004.

2 Terms, nomenclature and specifications

Three standards that define specification terms for ADCs and DACs are:
— IEC 60748-4, see Ref. [1];
— IEEE 1241, see Ref. [2];

—  Dynamic testing of analogue to digital converters (DYNAD), see Ref. [3].

The IEC standard presently includes a general specification and is currently being updated to
include the dynamic specifications that are covered by the other two standards. These, IEEE 1241 and
DYNAD (which is the output of a European project SMT4-CT98-2214), concern dynamic specifications

mainly defined in the frequency domain. A useful general standard is IEC 60748-4-3, which now covers
dynamic performance.

2.1 General specifications

The most important terms are best discussed with reference to simplified diagrams showing a 7-bit
converter. In all the ensuing discussions we will deal only with converters intended to have equal step
sizes (that is, each bit or quantization level is of equal weight). This is not true of certain specialist
converters, for example, companding types.

In Fig. 2(a) we have an ideal bipolar converter where the vertical scale is the output code and the
horizontal scale is the analogue input. Each step in code represents an analogue increment of ¢, called
the step width. As can be seen, starting from 0, each step occurs at /2 ¢ analogue levels. Figure 2(b)
shows the same with some random noise added, which results in an uncertainty in the switching
thresholds. In these and all of the ensuing descriptions and figures we assume that zero and end point
errors have been corrected by a y = mx + ¢ calibration.

NOISY ADC
Output Code Output Code
11 11
Linear Bipolar ADC
110 110
101 101
100 100
o011 ; 011
e Step width = q o Note blurred or widened
001 001 switch thresholds
000 000
-001 -001
010 “q" is the quantisation width 010
o1 _ FEull Scale Analog Input i1
Number of steps
-100 -100
101 101
110 110
A1 -1
Input Signal Input Signal
SRS A EEEEEEEEE RN G O B A S O T A A B
(@) (b)

Fig 2: (a) Linear bipolar ADC; (b) noisy ADC
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2.2 Misunderstood terms: ‘resolution’ and ‘noise’

‘Resolution’, subject to much manufacturer ‘specmanship’, is the smallest discernible increment in
analogue terms—however, this should be regarded as ‘repeatably’ discernible since all good
measurement should be repeatable, another way of saying that it is not buried in noise or instability. A
weakness, in this author’s view, of IEC 60748-4 is that it defines resolution as the ‘nominal value of the
step width’, which is far too simplistic and misleading for some types of ADC, resulting in specifications
for some being quoted at ‘32 bits resolution’ where reality is nearer 18 bits!

‘Noise’ comes from many sources and is not necessarily random and not necessarily ‘white’ since
1/fnoise is always present. As far as specification numbers are concerned, noise is also represented very
differently for varied applications. In DVMs it usually means ‘peak’ but in most integrated circuit (IC)
ADCs it is rms. Presenting it as a percentage of full scale is another variable. DVMs tend to regard full
scale as the maximum unipolar excursion possible but IC ADCs regard it as the full range from +ve
peak to —ve peak operating range. The result is that the quantitative numbers can vary by 6:1 or more
depending on these definitions.

2.3 Quantization error or noise Q,

The quantization error of a perfect ADC is that error introduced by the finite number of digital codes,
i.e. from the nominal step size. Figure 3 shows this. One can clearly see that the error, as signal is
smoothly increased, changes in a saw-tooth manner between +¢/2 to —q/2 where ¢ is the nominal step
size.

ADC Quantisation Error

Output Code
1M1
110 Vi
4
101 Va
/
100 Vi
/
011 v
/
010 Vi
/
001 /
4 Input Signal
000 5
74 1 2 3 4 5 6 7 8
1 1 1 1 1 1 1 1

+q12 C = q/
o \N\]\j\]\ s
Fig. 3: ADC quantization error
This has a standard deviation of & = ¢/V12 and so, in dynamic applications where there is little
correlation between the error and the input signal, it is referred to as ‘quantization noise’ and has a

magnitude of:
On=g/N12 rms. )
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Differential non-linearity (DNL) is a measure of how individual steps may be in error (for example if
comparator bias is incorrect). It is the difference between the ideal step position (in analogue terms) and
its actual position. A good ADC will hold this error to g/2 (Fig. 4).

ADC with DNL ERROR

Output
Code
111
110
101
100
011
010
001

000

Monotonic, no
missing codes

7x

1%q //
+1/2 q //\
q

Yy -1/4 q

Input Signal

Z

04 2 3 4 5 6 7 8

Fig. 4: ADC with DNL error. DNL is defined as the difference between ideal and actual step width

2.5 Missing codes

If the DNL exceeds ¢/2 it is possible that a missing code can occur, i.e. the converter ‘jumps’ between

ADC with DNL ERROR

non-adjacent codes (Fig. 5).
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000

And missing code

/
4
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Fig 5: ADC with DNL error and missing code
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2.6 Non-monotonic

Non-monotonic literally means that two different analogue values that are separated by an appreciable
increment can produce the same code and this may indeed happen (Fig. 6).

NON-MONOTONIC ADC

Output This case has
Code no missing codes
11
110 Vi
/
101 v
/
100 5—/
011 //L
010 7~
001 Vi
2 Input Signal
000
7-4 0 1 2 3 4 5 6 7 8

Fig 6: Non-monotonic ADC: this case has no missing codes. Non-monotonic is defined as having a negative
differential in the output codes.

However, although the term ‘non-monotonic’ is still used it is better defined as a negative differential
of code values for smoothly incrementing analogue values. The example is a special case, showing how
this can happen without there being a missing code, although a missing code is a more likely result.

2.7 Integral non linearity

Integral non linearity (INL) can affect all types of ADC and DAC whereas DNL would not normally
affect integrating types such as charge balance and Z-A (delta-sigma). It is defined as the difference
between the actual transition at any level and the ideal transition. It occurs where there is an
accumulation of very small DNL errors over a range of steps or input signal. It is important to appreciate
how it is specified because one can define the ideal transitions as standing on a straight line between
zero and full scale endpoints or a ‘best fit’ regression line. In this case INL errors may be distributed
symmetrically about a straight line rather than appearing at twice the magnitude, on one side alone
(Fig. 7)

ADC with INL error
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Fig 7: ADC with INL error: DNL is <1/2 g but INL > ¢. Defined as extreme deviation from ideal transition
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2.8 Dynamic terms

ADC data sheets will often be written in terms of AC ‘frequency-domain’ specification and it is
important to understand some of the terms used, even if the application is more ‘time-domain’ or DC
related.

2.9 Signal to noise ratio

Signal to noise ratio (SNR) and the following terms assume that the ADC is to be used to digitize a sine
wave set to an amplitude whose peak-to-peak value equals the maximum-to-minimum capability of the
ADC. However, this is then translated to ratios of rms values. SNR is the rms ratio of the full scale sine
wave to the total noise present, assuming that the quantization noise is random and uncorrelated with
signal or other noise. It is a function of the frequency and amplitude of the signal and is therefore
specified for a defined signal.

2.10 Spurious free dynamic range

Non-linearities and intermodulation products introduce harmonics and spurs into the output spectrum,
usually observed through fast Fourier transform (FFT) conversion. The spurious free dynamic range
(SFDR) is the range (in dB) between the fundamental and the highest harmonic or spur that occurs
within the Nyquist range of % the clock rate of the ADC (or over a specified range). Clearly it too will
be a function of the amplitude and frequency of the applied signal although the full scale amplitude
previously described is usually assumed to give the best ratio.

2.11 Signal to noise and distortion

Signal to noise and distortion (SINAD) is commonly used but, whilst useful for an overall system
specification, is less so to a designer choosing an ADC to use. It is the SNR but with the spurs and
harmonics of the SFDR included and assumed to be an additional uncorrelated noise source. Clearly,
when designing a system in practise, one needs to be able to distinguish between truly random terms
and signal-dependent terms, especially if the system performs some sort of filtering or averaging that
can reduce the effects of random noise but not of distortion.

2.12 Effective number of bits

Most IC manufacturers use the term effective number of bit (Ner or ENOB) where DYNAD uses Nerand
IEEE 1241 uses ‘effective bits’, E. It is used to give a specification for an ADC’s degradation in
resolution when making a measurement where it, the ADC, introduces noise, distortion and spurs. It is
thus related to SINAD and can be shown to be (or is defined to be):

N, - ENOB = SINAD=L76) 4o
6.02
()

where SINAD is expressed in dB of full scale.

2.13 Oversampling

Oversampling is used to describe the operation of a converter where samples are taken at a rate higher
than two times the input signal’s highest frequency (the Nyquist rate) and some sort of result is obtained
by combining these samples. Generally it is the ratio of the sampling rate to the converter’s maximum
useable bandwidth. In reality an oversampling ADC is one in which a number of samples of the analogue
signal are combined to give a better result (usually higher resolution) than any one sample provides. In
order to do this there must be variation in the result for each sample of a perfectly steady signal and this
is ensured by inherent or added noise, usually called ‘dither’.
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3 Types of ADC and DAC

3.1 Flash ADCs

Flash ADCs at their simplest can be made with a simple comparator, which senses a voltage threshold
and drives a logic level; ‘1-bit’. More generally they are made with many such arrangements in parallel,
each comparator set to a different threshold. The threshold normally divides a full-scale range by the
number of comparators. Bandwidths into the GHz are possible (Fig. 8).

2N -1 (FS) |
ol
&
N2 (Fs)
Analog o
input
—e

Level
decode

Y VY Y

Fig 8: Flash ADC architecture. FS, Full-scale analogue input voltage

Modern high-density processing is accomplished mainly in low-voltage technologies that require
even greater accuracy and lower noise of comparator thresholds. This, of course, makes the processing
and testing expensive.

The Flash ADC is almost unique in not incorporating a DAC in an internal loop. It is this that
makes it particularly fast, with a very direct path from analogue input to digital output. It is the
workhorse component, at varying resolutions, from 1 bit to 10 bits, within other types of ADC
architecture, particularly ‘pipeline’ and Z-A (where it is often ‘1 bit’).

3.2 Pipeline ADCs

Pipeline converters retain most of the bandwidth capabilities of Flash but at higher resolution at
the expense of increased sample delay, called latency (Fig. 9).

SANS!‘PLE Analogue Path SANQPLE Analogue Path
HOLD HOLD
Stage Stage
1 FLASH N
ADC
n-bit
Digital Path Digital Path

Fig 9: Principle of pipeline ADC with n" bits

369



J. PICKERING

They do this by incorporating a number of stages of Flash ADC and DAC in series. This is the pipeline
and each stage converts, say, # bits in the Flash but then uses the DAC to subtract the actual Flash output,
converted to analogue from the incoming signal, to derive an analogue remainder. This is amplified by
n and fed to the next stage to be digitized. Broadly speaking, with n stages, the resolution is nN but a
large degree of self-adjustment has to be incorporated to prevent DNL errors so some resolution is
‘wasted’ at each stage. It should be evident from this description that the bandwidth can be virtually as
high as the Flash converters involved but that there is an addition of delays through the stages—thus
leading to considerable latency or group delay.

3.3 Successive approximation register ADCs

Successive approximation register (SAR) ADCs have been around for a long time; even the earliest
DVMs used them (Figs 10 and 11).

Analog | Sample-
input and-hold

Fig. 10: SAR architecture

a) Start Ends
cock [ LT LT L T 1 I

Comparator 4 ——
result J I

o

MSB: Most 1 J 1
Significant Bit 0
1 _I_I 0
0
0 I
LSB: Least 1 |_
Significant Bit 0 1
b) FS Result
DAC Input Signal
output
0 t

Fig. 11: a) SAR logic sequence. b) SAR DAC convergence

The SAR converter operates by testing whether or not the input signal is above or below
thresholds set by the ladder DAC. Generally, one starts at 2 of full scale to determine the MSB then sets
either % or % scale to determine the next bit and so on. In this example, the ADC in Fig. 10 is simply a
comparator, but more complex arrangements can incorporate a Flash converter.

370



ANALOGUE TO DIGITAL AND DIGITAL TO ANALOGUE CONVERTERS (ADCS AND DACS): A....

3.4 Charge balance, dual slope

The dual slope converter is the most commonly used of the charge balance type. For low-frequency
measurement, in simple DVMs and panel meters, it is very cost-effective indeed and well matched to
DC measurement with integral noise reduction.

Si Il
g " To Counter
a) \ AN (clocked with ¢ )

Ref J7_ 47 u

7
\ a9 &

T=Ng.t, t=n.t,

Fig. 12: Dual Slope Integrator, a) schematic, b) integration waveform

Basically it utilizes the unknown signal to be measured to charge a capacitance for a pre-set time. It then
discharges through the same components, with a known reference signal and measures the time this
takes. The analogue accuracy is thus dependent only (to a first order) on the reference. Compare this to
SAR which also needs as good a reference but in addition a highly critical ladder network of precision
resistors or capacitors.

3.5 Charge balance, multi-slope

A further refinement that can be used to get something like an order improvement in speed and/or
resolution is used in ‘top end’ DVMs like the Agilent 3458 and Fluke 8508A. Here, in order to improve
resolution, reduce the effects of null detector noise and allow smaller integration capacitors to be used,
quanta of reference current is removed concurrently with the signal charging. As long as charge balance
is maintained and ‘accounted for’ by the logic any such arrangement is valid.

piriadil TN
5, \e© ~ of
\ s < i T\ | /|\+ Conversion
\ / / ; qu,‘f_/,-ef/K |
T, k¢ ‘tJ More T, cycles L—J
T | t=nt t.=n..t
T.=N.t,

Fig. 13: Multislope charge balance integrator sequence
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As previously stated there is a large discrepancy in the custom and practise between specifying
DVMs and ADCs. Table 1 expresses the specifications of top-end DVMs in a typical ADC format.

Table 1: DVM and ADC specification comparison

Specification DVM data-sheet specification ADC “bit’ specification
Nominal resolution 18 digits 28+ bits

Real (2 o) resolution 17 digits 24+ bits

Integral non-linearity (INL) 0.1 ppm (1 x 107) 23 bits

Differential non-linearity No specification. ‘Perfect’ 28 bits

3.6 A-X, delta-sigma, often called Z-A sigma-delta

Delta-sigma (A-X) is often interchangeably called sigma-delta (X-A) This conversion technique is
usually thought of as a ‘charge balance’ technique but this is misleading. It is true that over very long
periods of time it does maintain a charge balance in its integrator but it produces valid, accurate results
much faster than would be expected from charge balance equations. In fact, for high resolution, this is
several orders faster. For example, the CERN Z-A converter produces independent 1 ppm resolution
conversions in only 1000 clock cycles where dual slope would need 1 000 000. See Ref. [4].

Perhaps the slow take-up of this technology for DC and Low Frequency (LF) metrology has been
because this is very difficult to explain with time domain arguments. The frequency domain proponents
have no problem! See Refs. [5, 6].

The converter shown in Fig. 14 utilizes a 1-bit DAC (which is very accurate in spite of its low
resolution) and the action of the feedback loop is to drive the DAC with a bit stream that balances the
incoming signal. Confidence in applying negative feedback-loop theory explains the operation in the
time domain!

1 MHz
clock

I
LOGIC

Buffer 3 integrators Comparator

Input

1-bit output

bitstream
via fibre-
optic link
Digital
REF. Filter ?,‘:Ip:t
(FPGA) |28

Fig. 14: The CERN 1-bit converter

The cumulative gain of the integration stages, forming the modulation filter, is very high indeed,
in CERN’s case in the order of 4 x 10!! at 10 Hz! Clearly, at 10 Hz there can be no significant error at
the summing junction.

The cleverness is in achieving this within a loop while maintaining loop stability and, in effect,
this is accomplished by feed-forward in the modulation filter, i.e. the integrators. DAC versions of this
arrangement, where the input is a bit stream and there is analogue feedback around the loop, are probably
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the most commonly produced data conversion components of all. They are the basis of the ‘1-bit’ DAC
in CD players and have been shipped in millions of units.

Figure 15 shows a simulation result for a 1-bit architecture that uses a digital 4 x 25 stage rolling
average filter—it thus obtains all of its information in 100 clocks where dual slope could only achieve
1% resolution. The simulator clearly shows that the resolution far, far exceeds the ‘simple’ first-order
dual slope capability, and further increased digital filtering gives vast improvements in real resolution.

Settling for each consecutive filter

0.6

N

WSS o
W — s

T L TTTT TT T T T T I T T T T T T T T T I T T rTTIT T TTTT T T T T T T T T T T T T T T T T T T T T TTTTTTTTTTT

1 6 11 16 21 26 31 36 41 46 51 56 61 66 71 76 81 86 91 96
Time (100 clocks)

Fig. 15: Delta-sigma 1-bit third-order 4 x 25 average filter settling. Note that resolution in 100 clocks is better
than 0.1%.

3.7 Characteristics of A-X

Since A-X seems ideally suited to accelerator DC and LF work, it is useful to look carefully at its
characteristics, both good and bad.

Firstly, using IC products from ‘merchant semiconductor’ companies may give some surprises.
Since suppliers are mainly aiming A-X converters at AC applications, both specification and
performance is tailored for this—however the volume of production brings down the cost.

Bandwidths are usually limited but, because of the very high sampling rate, anti-aliasing filters
are simple. The multi-stage digital filters allow very high data rates but there are long delays and much
of the data is redundant. Clearly, a newly applied signal must replace all data present from the previous
one, and this typically takes as many clocks as there are filter stages. However, it is possible to ‘look
ahead’ and take data from early stages of the filter concurrently with the final, more filtered, data. This,
of course, can be used for feed-forward in digital control loops.

IC manufacturers promote their devices as, say, ‘24 bit’ or ‘22 bit” where generally this is the
resolution at the 1 ¢ noise level and with the longest integration times (slowest speed) set, i.e. it is the
SNR expressed in bits under the most favourable conditions. Also linearity (INL) is seldom better than
5 ppm (or 18 bits).
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There are some problems that are unique to A-Z. Normally, because of the very high loop gain,
there is sufficient noise that a sort of chaotic behaviour results and there are no systematic errors in the
output due to loop operation. (Of course, there are other systematic errors in, for example, the DAC
accuracy.) However, it is well known that certain bit patterns in the feedback loop can be favoured and
very low frequency, resonance-like, behaviour results. These conditions, in the frequency domain, look
like very low frequency tones and they tend to be common when operation is near zero and the pattern
therefore tends to be near symmetric. They are therefore called ‘idle tones’. They are, at least in part and
perhaps totally, due to unwanted feedback paths (remember how high the loop gain is). They tend to
show up more in single chip devices where modulator and digital filters are in the same device.

Of a similar nature and perhaps considered as a ‘zero-beat’ idle tone, is a characteristic called a
‘sticky zero’, a hysteresis condition where there is a tendency to lock at zero until the signal is sufficient
to overcome the ‘glue’—an amount greater than the theoretical resolution. Again, great care in
preventing unwanted loops between analogue and digital seems to prevent this.

3.8 Choosing the best ADC for the job

Table 2 gives relevant performance against possible requirements. The relative merit scores cannot be
taken as correct for all devices under all situations but do at least give an idea. Probably, if one looks at
the introduction of new devices from IC manufacturers it would be pipeline and A-Z that have become
the most prevalent in recent years.

Table 2: ADC type performance comparison

ADC type Flash Pipeline SAR Charge Sigma-delta
characteristic balance

Throughput Excellent Very good Good Poor Fair

Bandwidth Excellent Excellent Very good Very poor Fair

Resolution Poor Good Very good Excellent Excellent
Latency/Hz Excellent Fair Very good Poor Fair

Linearity/bit Very good Good Fair Very good Very good
Multiplexing Excellent Poor Very good Fair Poor

Other Power! Cost Very fast clock ~ DNL stability?  DC only Easy anti-aliasing

4 Choosing the right specifications

This paper has discussed the relative merits of different architectures and pointed out some specification
pitfalls. There remain some aspects of system integration that are not always apparent.

— Many devices have internal references that look to save an external component but beware—
internal references are usually of the band-gap type because of the low voltages available.
Internally, a band-gap reference is derived from a very low voltage; 60 mV is common and thus
is very noisy, particularly with 1/f noise. Compensated Zeners are at least an order better than
band-gaps.

—  The resulting zero performance is then dependent on the reference and internal DAC.

— Ensure that the device you choose produces overload codes and flags that your system can
handle—not all are user-friendly.

— Remember that INL is often orders of magnitude worse than quoted ‘bit specs’ and even if the
target application system can correct for this there is usually not a specification for stability of
INL.

374



ANALOGUE TO DIGITAL AND DIGITAL TO ANALOGUE CONVERTERS (ADCS AND DACS): A....

4.1

Application problems

Assuming that an application system is designed with care and perhaps verified with simulation there is
still likely to be a “first time round’ problem: probably noise. Noise problems are unlikely to show up in
simulation and are very difficult to predict—experience suggests the following:

4.2

use ground planes;

‘bury’ HF traces between planes on inner PCB layers;

if possible make long-path HF signals differential and low voltage level;

use common mode choke;

think in terms of current paths—where does HF current flow?

make signals ‘flow’ smoothly through the system;

don’t forget that sampling can alias HF noise and bring it down to the frequency of interest;
HF connects ADC analogue and digital grounds on a plane or with capacitors between planes.
At low frequencies it can also be useful to:

use ‘star points’ to control current paths;

remember that 1/f noise cannot be averaged out totally and becomes a limit to achievable
performance;

use chopper stabilization to overcome drifts and 1/f noise in amplifiers. With the availability of
suitable components it is now cheap and simple to do so;

prevent differential temperatures from being developed across sensitive circuit areas, i.e. prevent
heat flow.

An application example

A very high performance ADC has been developed, see Fig. 16.

4 integrators ™ 50(|J kEZ
i P cloc
Buffer Gain @ TkHz ~ 1e accuracy |
Input LS
02 5 bit ADC [3 LOGIC
e
5-bit
) ... output
Precise 1 data
5 bit DAC '\\" stream
Digital Output
REF. Filter value
(FPGA) ——
32 bits

Fig. 16: A very high performance X-A ADC

In this example the 1-bit DAC is replaced with a 5-bit pulse width modulation (PWM) DAC and

the output comparator replaced with a 10-bit pipeline ADC of which 5 bits are used. This architecture
can achieve ‘28-bit’ performance in resolution and 24 bits in linearity.
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In order to achieve 5-bit resolution of the PWM at up to 500 KHz it is necessary to clock the pipeline
ADC at 20 MHz. We thus have the difficult combination of 20 MHz clocking on the same PCB near to
where 100nV DC performance is needed!

Figure 17 shows the PCB layout arrangement chosen, about half of the full size.

Power Supply Plane

: Star-Point
Signal Plane @ Digital Plane
)
0 A
% UsB
- = .
Input Integrator @ PWM Diff.
= Drive
<
a Ca
Modulation o>
= Fi — o[ ADC"
Filter
< [
Cap

Fig. 17: Practical board layout

The PWM drive (with sub-ns edges) is passed from the field-programmable gate array (FPGA)
to the analogue section of the circuit (the signal plane in Fig. 17) with differential signal traces (and
indeed, the analogue switching is differential). A ‘star-point’ localizes LF currents and prevents those
in power supply and digital planes from causing voltage drops in the signal plane.

This arrangement can be considered as a good example of any high-performance ADC
application. Currents are controlled or ‘steered’ by the use of different ground planes, and circuitry is
arranged for even current flow. In fact, the above PCB had a problem because signal-related ground
currents could feedback from the output of the modulation filter to the PWM switches and integrator,
causing idle tones and sticky zeros. The solution was to split the ground plane between these areas with
a slot in the PCB. Furthermore, the sampling ADC drives very fast transient currents into the input
capacitance of the FPGA and the two caps are fitted to ‘encourage’ local HF current loops rather than
letting the return current pass back through the ‘star-point’. Always remember to think about where the
currents flow whether they are LF signal-related or HF with the ability to cause interference noise. A
later version included analogue isolation between the modulation filter and the sampling ADC with the
ADC placed on the digital plane.

5 Finally, the future—cryogenics?

The steering magnets at CERN and in many other accelerator projects are cryogenic. Much fundamental
metrology is now based on quantum physics operating in liquid helium. Why not put some of the
measurement in the cryogenic environment? Figure 18 is a suggestion and has been in operation at the
UK’s National Physical Laboratory.
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Fig. 18: Integration of X-A modulator with Josephson junction array (JJ)

Its operation is quite simple—the bias DAC is a two-level PWM generator that turns ON and OFF
precisely the bias to the Josephson Junction (JJ) array. The operation of the JJ is to lock the amplitude
of the resulting pulse to a quantum level dependent only on fundamental constants and on the SI second.
See Refs. [7, 8]. Sadly, the speed with which the array could be switched was limited by the capacitance
and delays in the JJ drive electronics but with further development could become a ‘quantum voltmeter’.
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Abstract

Reliable powering of accelerator magnets requires reliable power converters
and controls, able to meet the powering specifications in the long term. In this
paper, some of the issues that will challenge a power converter controls
engineer are discussed.

Keywords
Power converters; regulation; control; reliability.

1 Introduction

Power converter control has moved more and more into the digital domain. As a result, the choices of
control hardware have evolved extremely rapidly, and the potential performance of that hardware has
expanded exponentially. Exploiting the potential of the hardware has fallen on software and
programmable logic developers, with the result that the effort needed to develop converter control
software can now surpass the effort needed to develop the hardware.

The diversity of potential hardware solutions means that it is not possible to proscribe a ‘right
way’ to approach the control of converters. Instead, this short paper introduces some of the topics that
should be considered to meet both performance and reliability targets. It will focus in particular on the
control of continuously regulated power converters, rather than fast pulsed converters.

2 Defining the requirements

It is obvious that finding a good controls solution starts with defining the problems to be solved. This
can be surprisingly difficult. At its most basic, the powering of an accelerator will involve a number of
circuits, mostly involving magnets, but some may be providing high voltage for RF klystrons or other
RF devices, or electrostatic elements for low-energy beams. Obviously the power engineers need to
know the required rating of each converter, but for the controls a lot of additional information should be
captured for each circuit, including the following.

— What will be the regulated signal: voltage, current or field?
— How is the reference of this value defined?
o DC (e.g. for storage ring or Linac circuits).

o Function of time run on demand (e.g. for non-cycling accelerators such as the Large
Hadron Collider (LHC)).

o0 Function of time run by a cyclic timing system (e.g. for cycling accelerators such as
the CERN Proton Synchrotron (PS)).

o0 Calculation in real-time based on an outer regulation loop (e.g. orbit or tune).

— How accurately must the value be controlled? It is important to distinguish between absolute
accuracy, reproducibility, and stability. These are treated in more detail in Ref. [1].
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— What are the rate of change and acceleration limits?

From this you can define the requirements for the timing system, the analogue measurement
system, and the regulation. This is not simple and will take time. Ultimately, this will lead to the key
requirements of the controller hardware, including:

— the regulation rate;

— the measurement rate;

— the processing power;

— the noise and resolution of the analogue acquisition system;

— the interface for sending the reference (voltage and/or modulation) to the power converter.

2.1  Scalability

A very important factor in the design of the controls is the scale of the system. If you have ten circuits
then an elaborate automatic configuration management system is not justified. Once there are 100
circuits, managing them individually will start to become time-consuming; and once a system has more
than 1000 circuits, then automatic management tools are mandatory.

The calibration of the analogue measurement components will be important, particularly for the
main circuits of an accelerator, which are usually the most demanding of accuracy. If an analogue
component such as an analogue to digital converter (ADC) or direct current—current transformer
(DCCT) is replaced, a method is needed to ensure that the control of the circuit can continue to meet the
specification after the intervention. This can be manual for a small system, but for large installations an
automatic calibration system is highly desirable.

3 Converter controls reliability

It is vital to remember that getting all of the circuits to work according to the specification when the
facility is commissioned is only part of the challenge. It is equally important to keep them working with
the required reliability for the lifetime of the facility. For this challenge, the mean time between failures
(MTBF), mean time to repair (MTTR), and the scale of the system are all important. The bigger the
system, the more attention should be given to reducing the MTBF and MTTR.

3.1 Hardware reliability

It is obvious that the MTBF of the global system will depend on the MTBF of the controller hardware.
This is too big a subject to treat in detail in this short paper, but experience shows that once early failures
have been resolved, control electronics can achieve remarkably high levels of reliability. One million
hours MTBF per controller has been achieved at CERN; however, to get to this level requires attention
to every aspect of the design and production (and some luck). For more information about practical
reliability, consult the Bibliography. Here are some points to keep in mind.

— Use only the best quality connectors.
— Avoid the need for wiring by using circuit boards to link circuits.

— Design for test and, if you expect to manufacture more than a hundred or so units, build
test hardware at the same time. Base your test hardware on standard off-the-shelf
components, such as PXI cards. If your device is hard to test then it is probably too
complicated and should be redesigned to be more modular.

— Avoid fans if possible, while keeping the operating temperature of components below
50°C. If fans have to be used, consider using a temperature-based controller so they only
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run as fast as necessary. Choose fans with the highest MTBF you can get and try to mount
them so that the axis of rotation is vertical. Monitor the temperature in the controller and
have a warning threshold. Consider preventative maintenance by replacing all of the fans
once they have reached around 70-80% of their rated operating life.

Pay close attention to electromagnetic compatibility (EMC). Follow best practice for
grounding and carry out burst tests to see if the required immunity has been achieved. Use
relays and opto-couplers or optical fibres for long-distance signals, and design for the
worst-case over-voltages on converter-related signals in the event of an earth fault on the
magnet circuit.

Use standard protocols, cables, and connectors.

Avoid radiation areas if at all possible. If you have to design electronics to work in
radiation, then allow a lot more time and money for their development and get expert
advice. See Ref. [2] for more information about this.

Avoid potentiometers and other adjustable components.
Avoid electrolytic capacitors, and overate passive components for power and voltage.

Don’t miniaturize unnecessarily. Use the largest passive devices that fit and the biggest
pad sizes on active devices. Only use ball grid array (BGA) packages when unavoidable.
Include pads to mount test connectors for a logic analyser for use during the development
phase.

Exploit programmable logic and make it easy to update. For large installations, allow the
logic to be reprogrammed over the network.

Don’t use programmable digital circuits just for the sake of it. If a function can be done
simply with an analogue circuit, then this will need less effort to maintain. All software
(including programmable logic) has a major overhead for maintenance in the long term.

If the controller incorporates multiple circuit boards, enclose the assembly in a metal
cassette.

Plan for the obsolescence of the hardware and the development systems. How will you
compile the logic and software in 25 years? Investigate virtual machines before it is too
late.

Apart from good design, the operating conditions can impact reliability.

Do not trust commercial power supplies. Either design your own or use a pair of supplies
with monitored redundancy, or both.

If possible, keep the electronics powered and warm all the time, reducing the thermal
cycles to which the hardware is subjected.

Keep powered spare controllers in the vicinity of the operational systems.

Keep the operational environment clean of dust, with temperature and humidity close to
nominal, and protect the electronics from water damage in the event of leaks from water-
cooled cables or components in the power converter.

Use halogen-free cables to reduce the impact of fire damage.
Incorporate a means to remotely identify, and hence track, individual parts.

Predict the expected failure rate of components, and put in place the means to track
failures and repairs. This should be used to determine real-world failure rates and to
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identify new failure modes, allowing preventive actions to be taken in the case of
unexpectedly high failure rates.

3.2 Converter spares policy

The power engineers will need to address the same issues of MTBF and MTTR when designing or
specifying the power converters and when defining the spares policies. Different approaches may be
taken according to the types of converters used. Below are two examples that have an impact on the
specification for the controls.

3.2.1 Converters made from modular components

In this approach, large converters are made from multiple sub-converter racks containing multiple
standard modules. The modules are light enough that one or two people can swap a faulty unit with a
spare within a few minutes. In this case, a circuit can only be powered by one converter, but most failures
will be in the power modules which can be quickly swapped. The controller will only ever be responsible
for the one circuit, so addressing and configuration are static.

In this case, the challenge for the control system is to accurately identify which module needs to
be replaced in the event of a fault. For this, a very reliable system to capture the first fault must be
deployed. In the case of the LHC power converters, the power engineers adopted an n + 1 redundancy
policy for this class of converters, so they all have one more sub-converter than those required to deliver
the nominal current. The low-level converter electronics can compensate for the loss of a sub-converter
in real time by increasing the current supplied by the others.

However, sometimes this may not work and the trip of a sub-converter may result in a cascade of
trips in the other sub-converters. The LHC ATLAS experiment’s toroidal field magnet converter has
eight sub-converters, each containing six modules. If one module is unreliable and trips off randomly
every day or so, and if this results in tripping the whole converter, then this will quickly become a
problem unless the controls can accurately identify the faulty module.

This means that the first-fault logging must not only identify the first fault within a sub-converter,
but also the first sub-converter to trip. This may require time-stamping of the faults with a resolution of
the order of 10 ps.

3.2.2 Monolithic converters

For large monolithic converters, the power engineers may install one spare converter in an area, to cover
a number of operational converters. In the event of a failure, the circuit cables are patched to the spare
unit, which allows the faulty converter to be repaired later.

The spare converter might have its own controller, in which case it must take over the address of
the controller of the failed converter. This can present some interesting configuration challenges if the
spare converter is not exactly of the same type as the failed unit. Alternatively, the controller from the
failed unit might be patched or moved to control the spare.

Whichever approach is adopted, the probability of mistakes by the team making the intervention
should be minimized by reducing the complexity of their task.
3.3 Addressing the controller

The controller addressing scheme will depend upon the network architecture. However, it is reasonable
to assume that the controller will be made from components that can be exchanged in the event of failure.
So this raises the question of how a controller knows its address. This might be a MAC address on
Ethernet, or a fieldbus address if a fieldbus is used.
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The new controller’s address could be configured manually by the team who are performing the
intervention, perhaps by using jumpers or switches. But this is error prone and can easily result in two
controllers appearing on the network with the same address. This almost inevitably causes disruption to
the system and can be hard to diagnose, so there is a strong motivation to avoid this kind of error.

A preferred approach is to encode the address in some passive device that gets plugged onto the
controller. This might be the network connector or it could be in a separate dongle. In either case, a
simple circuit board can encode a digital value with copper tracks so that, once soldered, a failure of the
dongle is highly improbable. Alternatively, an 1°C electrically erasable programmable read-only
memory (EEPROM) (or equivalent) could be used, but being an active device it will have a lower
MTBF.

3.4 Analogue calibration

The conversion of an analogue signal into a scaled value inside the controller requires two distinct pieces
of information:

— the nominal scale factor;
— the calibration error.

There is no avoiding the need for the nominal scale factor but different approaches are possible
for the calibration error. In one approach, the analogue hardware can be designed with calibration
components such as potentiometers. In this way, the calibration errors can be reduced to within the
specification and the software can consider the measurement to be perfect.

While this simplifies the software, it puts a significant burden on the team responsible for keeping
the analogue measurement devices calibrated and, in the case of potentiometers, it increases the chances
of component failure and error.

A preferred approach is to avoid all adjustable components and to accept that all of the analogue
measurement devices will have calibration errors. Provided that these errors can be measured, then they
can be compensated in software. If such an approach is adopted, it also opens the possibility to
compensate non-linearity and temperature effects.

If a known and trusted reference signal can be selected automatically then the software can
measure the calibration errors itself. If not, then calibration of an analogue measurement device such as
a DCCT might be done on a test stand. The measured calibration errors can then be stored for later use
by the controller.

Where to store this calibration data is a key question. For a few circuits this could be entirely
manual with the values written in a notebook and entered into the controller by hand. Obviously this is
impractical for a big system with hundreds or thousands of circuits. An alternative is to store the
calibration data in a non-volatile memory inside the device. This is a simple concept and can be effective
for small- to medium-sized systems.

For large systems, using a central database is recommended. In this case, a way to identify the
measurement device is needed. Ideally this should be machine-readable so that the controller can
automatically identify the connected devices and request their calibration data from the database.
Although this is a significant investment in terms of software development, it is an important step
towards the goal of full automatic configuration.

3.5  Automatic configuration

For large systems, accurate automatic configuration of the controllers is hugely important for the
reliability of the whole system. It is a worthy objective to avoid all manually configurable components
such as switches and jumpers in the design of the hardware.
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All configuration parameters can be stored centrally in a database. These parameters fall into three
categories.

— Parameters associated with an individual component. For example, the calibration errors for
a particular DCCT or ADC.

— Parameters associated with a type of a component. For example, the scale factor for a type of
DCCT head.

— Parameters associated with an individual circuit. For example, the magnet inductance.

For the first category, individual components must be identified by the component type and a
unique serial number. This is typically converted into a barcode that is stuck onto the component. For
automatic configuration to be possible, the controller needs to be able to know the barcode of each
attached component that has configuration parameters.

For the second category, the component type field from the barcode can be used to look up
configuration parameters in the database associated with that type of component.

For the third category, the name of the circuit can be used to look up the circuit parameters.
Obviously the control system needs to know the association between controller address and circuit
name.

3.6  Software reliability

Converter control is a real-time problem, so many modern programming languages are unsuitable. The
natural choice remains the low-level languages C and C++. Increasing processing power is making the
real-time challenge easier to face, but bear in mind that embedded programming is time-consuming so,
where possible, move the programming to a level where standard tools such as Linux (with real-time
extensions) can be used. Please consult the Bibliography for recommended books on embedded systems
programming.

It is obvious that software reliability is improved by adopting:

— asource code versioning tool such as git;

— acontinuous integration tool such as Bamboo or Jenkins;

— anissue tracking tool such as JIRA or Trac;

— code reviews.

Unit testing may also help, but it has limits when programming real-time multi-threaded software.

With real-time programming, time is at the heart of everything, so invest in a way to record the
time taken to execute every important part of the real-time code. This can be a simple min/max pair, or
a histogram if the profile is significant.

4 Regulation

The core business of converter controls is (usually) the delivery of the correct current in the circuit as a
function of time. In special cases, the field in a magnet might be measured and regulated, or the voltage
provided to power an RF generator or an electrostatic element in a beam line.

Numerous control strategies are possible, but two that have been widely adopted for accelerator
power converter control are:

— digital implementation of a classical ‘analogue’ regulator such as a proportional integral
derivative (PID) controller using state equations;
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— digital implementation of a digital regulator based on the RST polynomial algorithm.

Each has benefits. The classical approach is simple for a non-expert to tune as the number of
parameters is small, while the RST approach can provide excellent performance with a constant tracking
delay (the time between the reference being set and the measurement arriving at the reference value).

4.1 Classical regulation

Many laboratories have developed digital controllers that have implemented PID regulators using
classical state equations. In particular, the Swiss Light Source at PSI has developed both electronics and
corrector power supplies that have been widely used at many light sources [3]. The digital signal
processor (DSP) in the electronics implements the current regulator and pulse width modulation (PWM)
without an intermediate voltage regulation loop. This has allowed a high bandwidth of more than 1 kHz
for the corrector circuits, which has been valuable for the orbit feedback needed by light sources to
stabilize the electron beam in the insertion devices.

4.2 The RST algorithm

The RST algorithm is becoming increasingly popular because of its performance and flexibility. The
RST algorithm is defined in Eqg. (1),

YotAct; - Si} =Xo{Ref; * T} — Xo{Meas; - R;} (1)

where i = 0 corresponds to the current sample, i = 1 is the previous sample and so on. This notation was
proposed by Landau [4]; however in many textbooks the R and S polynomials are exchanged. The
application of the RST algorithm to power converter control is described in Ref. [5].

From Eq. (1), it is easy to see that if you know the new reference and measurement, you can
calculate the new actuation, Acty, if you keep the history of the previous n samples of the reference,
measurement, and actuation,

Acty = YolRefiTi}—Yo{Meas;-Ri}—Y1{Act;-S;} . 2

So

Typically the actuation will be the voltage reference for an inner voltage regulation loop, but if
the DC bus is very stable and the PWMs are very linear, then actuation could be the modulation reference
directly. Either way, if the actuation is limited, it is easy to back-calculate the reference that, when
combined with the new measurement, will result in this limited actuation when used in Eq. (2). This is
given in Eq. (3),

YotAct;-S}+Yo{Meas;'R}-Y T {Ref T}
Ref() — 0 i 0 TO 1 i . (3)

In this way the reference history can be kept coherent with the measurement and actuation
histories. This is equivalent to the anti-windup feature of a traditional regulation algorithm.

The benefit of the RST equation is that any linear regulator up to order n can be implemented by
choosing the appropriate RST polynomial coefficients. Simple PI, PID, or PII controllers can be
implemented as well as more complex higher order systems, without changing the software. The
challenge with the RST approach is the calculation of the coefficients. This cannot be done by hand and
either requires an expert using MATLAB (or equivalent), or a library that encodes the knowledge of an
expert for a particular type of load.

4.3  Circuit load model

The majority of the circuits in a typical accelerator are inductive and resistive. Figure 1 shows a generic
first-order model that can cover most cases.
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L= |

Fig. 1: Generic first-order inductive load model

There are three resistances in the model.
R; — series resistance representing the resistance of the cables.

R, — magnet resistance. This will be zero for superconducting magnets or circuits that do not contain
a magnet.

R, — parallel resistance. This is rarely used but in some circuits in which many magnets are connected
in series, the parallel resistance is needed to damp out resonances.

The transfer function for this first-order model is presented in Eq. (4),

1
G(s)= ———. 4
Rgt—1—5—
E+Rm+sL

The frequency response of the gain (current/voltage) has the classic first-order form presented in
Fig. 2.

Gain (dB)

3

| |
v v
1 1

» Log (Frequency)
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2TT, 21ty

Fig. 2: Bode diagram for first-order load model
This response is defined by DC and high-frequency gains, go and g1, which can be calculated

using Egs. (5) and (6),
1

9o = ~RpRm (%)
RS+RP+—Rm
1
g1 = RptR; (6)

The frequencies of the first-order pole and zero, f; and fi, are defined by the periods 7o and 71, which

can be calculated using Egs. (7) and (8),
L

‘[O = W y (7)
™ "Rp+Rs
L
= Rp+Rpm (8)
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For very large super-conducting magnets, the stray capacitance between coils can be significant
(as discussed in the next section) and a different load model may be more appropriate.

43.1 Parallel resistance

If a circuit requires the parallel resistance to damp resonances, this may have an important consequence
upon the control of the current in the magnet. The parallel resistor will allow some of the circuit current
to bypass the inductor during transients.

Figure 3 illustrates the effect on the circuit current of this prompt response to steps in the voltage.
It means is that for some time after each step in voltage, the magnet current will not equal the circuit
current, which can be significant because it is the circuit current that the controller measures and
regulates. It is important for the accelerator physicists to be aware of this fact, since they are interested
in the magnet current.

A
Voltage
> Time
Circuit
Current
> Time

Fig. 3: The presence of a parallel resistance (R,) in the load results in a prompt response in the current
to steps in the applied voltage.

In the LHC, the main dipole and quadrupole circuits are the only ones that require parallel
damping resistors. The characteristics of these circuits are given in Table 1. The key ratio is g1/go, which
are ~1077 and ~10°%, respectively. These circuits need to be regulated with ppm level accuracy, so it is
fortunate that this ratio is very small. A lower value of R, would have jeopardized the quality of the
regulation of the magnet current.

Table 1: LHC main circuit characteristics

Circuit L Rs R Rm go g1 To T1 fo f

Dipoles 157 1x10°% 1.54x10* 0 1x10°® 6.5x10° 1.6x10* 1.0x10°% 1.0x10°%  1.6x10?
Quadrupoles 0.286 1x10°% 1.06x10° 0 1x10° 9.4x10* 29x10? 2.7x10* 5.6x10* 5.9x10?

The simple first-order model shown in Fig. 1 does not describe any stray capacitances, which can
be particularly significant for large superconducting magnets. An example is illustrated in Fig. 4, which
shows the measured frequency response (green line) of the LHC ATLAS experiment’s toroidal magnet
circuit. The circuit does not have a parallel resistor (R, = ) but the measured response only follows the
model (red line) given by Eq. (4) up to about 2 mHz. It then diverges from the first-order attenuation of
20 dB/decade and follows a slower attenuation of around 6 dB/decade. This is because of unmodelled
stray capacitance between the huge magnet coils. The blue line shows the theoretical response if the
circuit had a 2.5 Q parallel resistor. This matches the measured response quite well up to about 30 mHz.
By defining a fictitious 2.5 Q parallel resistor in the circuit model, the RST regulator improves the
bandwidth for the rejection of perturbations by an order of magnitude.
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Fig. 4: The ATLAS experiment at the CERN LHC has a large toroidal magnet assembly comprising ten coils.
Figure (a) shows the Admittance Gain (dB) and figure (b) shows the Admittance Phase (degrees) against
frequency. The green lines shows the measurement. The red line shows the theoretical response of the first-order
model, while the blue line shows the theoretical response of the model if the circuit had a 2.5 Q parallel resistance

(Rp).

43.2 Unmodelled effects

As well as stray capacitance (as mentioned above), two other unmodelled effects may be significant in
some magnet circuits.

— Eddy currents. These can be particularly important for magnets that have a solid iron yoke,
where the time constant of the decay of the eddy currents can be in the order of seconds. Solid
yoke magnets are typically cheaper to build, so for DC applications solid magnets with slow
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eddy current decay time constants may be chosen. The effect of these eddy currents can be
modelled as coupled inductor circuits, which can then be used to extend the load model to
higher orders. However, this is not usually done and adequate performance is generally
possible without it, provided that the magnet is not ramped too rapidly. For fast-cycling
magnets, it is more or less essential for the magnet designers to use a laminated iron yoke that
will have smaller eddy currents and a much shorter eddy current decay time constant.

— Saturation of the iron. If the magnet uses an iron yoke and if the magnetic field exceeds about
1 T, then the iron will start to saturate. When this happens, the differential inductance falls
and this reduces the time constant of the circuit. This may need to be compensated, especially
if the circuit is ramped rapidly. One approach to this compensation is discussed below. For
DC circuits, if the saturation is not too extreme (<~20%), then it may be possible to tune the
circuit for the middle value of the inductance and accept that the performance will not be
optimal at the extremes.

4.4 Magnet saturation

Figure 5 shows a measurement of the differential inductance and stored energy for a real magnet circuit,
in this case the 101 main magnets of the CERN PS accelerator. This shows the dramatic reduction in
the differential inductance as the current rises due to the saturation of the iron in the yokes. When
regulating the current, the time constant of the circuit will drop by more than 50%, which can lead to
instability if it is not compensated. Figure 6 shows a photograph of the first PS magnet, which was
produced in 1956. Figure 7 shows the measurement of the field and current for a cycle of the PS lasting
1.8 s. The field was being regulated up to 1.25 T (12 500 G), and the influence of the saturation of the
iron yoke is clearly visible in the shape of the current signal as it approaches the maximum value of
5390 A. The current accelerates even as the field is decelerating.
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Fig. 5: Measurement of the differential inductance (L) and stored energy (E) of the 101 main magnets in the CERN
PS accelerator, as a function of current. This illustrates the 55% reduction in the differential inductance, which the
regulator must accommodate.
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Fig. 6: Photograph from 1956 of the first PS magnet and members of the group who designed it. The CERN PS
uses 100 of these magnets in the accelerator and one more on the surface for magnetic field measurements.
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Fig. 7: Measurement of the magnetic field (green line in gauss) and circuit current (red line in amps) in the PS
main magnets as a function of time in seconds. The magnetic field measurement is being regulated. The effect of
the saturation of the iron yokes is visible in the form of the current, which accelerates at high field, even as the
field is decelerating.

When regulating the magnetic field, the influence of the saturation is only a second-order effect,
which can be neglected. This is the normal operating mode for the PS main magnet circuit; however,
the regulator can switch between current and field regulation from cycle to cycle, and when current
regulation is active, it must accommodate the change in the inductance.

Therefore, for current regulation, various strategies are possible.

390



CONTROLS AND INTERFACES

Ignore the effect of the saturation simply by reducing the bandwidth of the regulator to

maintain stability even with the worst-case mismatch between the time constant of the circuit
and the time constant expected by the regulator.

Adjust the regulator parameters as a function of current. This is feasible for a classical PID

regulator, but impractical for the RST algorithm, because it can be very time-consuming to
calculate the RST coefficients and may even require offline computation using MATLAB (or

equivalent).

Hide the change in the inductance from the regulator by adjusting the voltage reference.

The third option is operating successfully at CERN using a surprisingly simple linear
representation of the magnet inductance Ln(I), as shown by the green line in Fig. 8. In this model, four
parameters are used to characterize the inductance as a function of current: L, Lsat, lsat start and lsat_end.
Coincidentally, the form of this linear model (in green) is the same as the gain response on the Bode
diagram shown in Fig. 2. Obviously, they are completely unrelated but it can be a source of confusion.

Inductance
L 7 A L@ =fOL ]
Leatl-------=----- e
¢ - - » Current
[sat_start  Isat_end

Fig. 8: Linear model for the reduction in the magnet inductance

The model is used to transform Vs from the regulation algorithm into Vi sat that is sent to the
voltage source (after limitation), in order to hide the saturation effect from the regulator. This is

illustrated in Fig 9.
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Fig. 9: Architecture of RST-based current regulation including saturation compensation (SatComp)
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It is simple to show that Vit sa can be calculated from Ve, I, and f(1),
Vref_sat = {1 - f(l)}IR + f(I)Vref ) (9)

where f(I) = L,,(I)/L and R is the load resistance associated with DC operation,

R = R, + —2fm. (10)

Rp+Rpy

Note that as the magnet saturates, f(I) reduces from 1 and Eq. (9) mixes progressively less of Vet and
more of IR into Versa. This reduces the influence of the feedback regulator and increases the
feedforward contribution based on Ohms law. If f(I) becomes too small, the performance of the regulator
will be compromised. Experience has shown that regulation is still effective with f(I) as low as 0.5.

Figure 9 shows how Vet sar passes through a limitation block that applies minimum, maximum
and rate of change limits on the reference. The output, Vet iim, IS transmitted to the voltage source. In
this case, it is assumed to have an analogue interface, so a digital-analogue converter (DAC) is used,
but it could also be via a digital serial link if the voltage source requires it. As mentioned in Eqg. (3), if
the voltage reference is limited, the current reference stored in the RST history must be back-calculated
from the voltage reference that is actually used. This means that the saturation compensation must be
reversed, which is easy,

Ve = Vryef sat—{1—f(D}IR
ref — 70

11

5 Controller integration

The quality of the integration of a converter controller into the wider accelerator control system can
have a big impact on the reliability of the global system and the MTTR. In particular, effective analysis
of powering failures depends upon having dependable logging and good tools for reviewing the logs.

5.1 Post-mortem logging

It is obviously essential to have access to important controller measurements in order to commission
and optimize the regulation of a circuit. Furthermore, when a power converter trips, it can accelerate the
analysis of the cause of the trip if the controller provides a log of the signals and events that occurred
just before and after the time of the trip. This ‘post-mortem’ log can have two types of data:

o time series logs of important signals used in the regulation;
e time-stamped event data.

Both can be based on circular buffers. The duration of the time series logs will depend on the
length of the log and the period of the sampling, while the duration of the event data will depend on how
many events occurred during the period leading up to the trip. Figure 10 shows an example of an event
data log from a controller in the LHC. It includes changes in state variables, diagnostics from the power
converter, and commands from the upper levels of the control system.
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eo0o % RPHE.UA23.RQF.A12 event log (646 entries)

18/D1/2015 1113 52 DI T_RUN SET_BIT A

1s/01/2015 SET i

1B/D1/2018 SET

1B/D1/2015 11:45:11. 548252 DIM ok

1B/D1/2015 11145111, 546252 DIM, ok

1B/D1/2018 11:45:11, 548252 DIM, ek

18/D1/2015 11:45:11. 548252 DIM.VS ok

18/D1/2015 11145111, 546252 DIM.VS ok

1B/D1/2015 11:45:11. 548252 DIM.VE

18/D1/2015 11:45:11. 548252 DIM.VS REMOTE

18/01/2015 11145111, 546252 DIM.VS TRG | EXTERNAL FAST AEORT FAULT

1B/D1/2015 11:45:11. 548252 DIM.VE STA|OFF RECEIVED

1B/D1/2015 11:45:11. 548252 DIM. V! TRIGGEF SET

1B/01/2015 11145111, 352000 DIG. COMMANDE 5_RII CLE_BIT

18/01/2015 11:45:11, 552000 STATUS. ET_IB SET_BIT

18/01/2015 11:45:11. 552000 STATUS. ST_UB CLE_BIT

1B/01/2015 11145111, 352000 SET_BIT

18/01/2015 11:45:11, 552000 STATUS. FAULT SET_BIT

1B8/01/2015 11:45:11. 552000 DT CLE_BIT

1B/01/2015 11145111, 552000 DIG. STATUS SET_BIT

1B8/01/2015 11:45:11. 552000 DIG. STATUS CLE_BIT

18/01/2015 11:45:11. 552000 DT SET_BIT

1B/D1/2015 11145111, 552000 DIG. STATUS CLE_BIT

18/01/2015 11:45:11. 552000 V5.STATE SET

18/01/2015 11:45:11. 552000 STATE. SET

1B8/D1/2015 11145111, 357000 DIG. COMMANDE CLE_BIT

1B8/01/2015 11:45:11. 557000 1 SET_BIT

18/01/2015 11:45:16.4B7000 STATUS. ST_UNLATCHEL CLE_BIT

18/01/2015 11145116.4987000 DIG. STATUS CLE_BIT

1B8/01/2015 11:45:16. 467000 VS.STATE SET

18/01/2015 11:45:16. 487000 STATE. SET

1B8/D1/2015 111451 31.002000 1 CLE_BIT J

18/01/2015 11:47:11. 242000 STATUS. ST_UNLATCHEL W_CURRENT SET_BIT

118,/01/2015 11:47:11. 351000 LOE RISET MET.ockay /

Search: || ] o /e
Save

Fig. 10: Example of a post-mortem event log from the CERN LHC showing the trip of a main dipole circuit. The
background grey bands indicate events that occurred simultaneously.

5.2  Simulation of the converter and circuit

No matter which approach is taken to regulation, it is a big advantage if the controller’s software
includes a simulation mode in which the power converter and load are simulated in real time. This allows
upper levels of the control system to be developed and tested without needing to power the circuits. It
also allows other parts of the controller software to be developed and tested without a power converter.

The simulation must be simple enough to execute in real time at the iteration rate of the
controller’s processor. If the circuit being modelled is basically resistive, then this iteration rate might
be too slow to capture the dynamics of the load. The system is effectively under-sampled. When
simulating offline, for example with MATLAB Simulink, the software can simply reduce the sampling
period, but this is not possible for real-time software and the program must gracefully switch from a
mode in which the dynamics of the load are modelled to a mode in which they are not. The same applies
to the model of the voltage source, which may have a bandwidth that is too high to be modelled by the
simulation.

The challenge of including a simulation mode is not completely trivial but it is absolutely worth
the effort. Even a rudimentary simulation will be helpful.

6 Converter control libraries

Many of the issues related to RST regulation are treated in the CERN Converter Controls Libraries,
which are open source and can be used freely. The website for the libraries is https://cern.ch/cclibs.
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DESY, Hamburg, Germany

Abstract

The complexity and cost of building and running high-power electrical
systems make the use of simulations unavoidable. The simulations available
today provide great understanding about how systems really operate. This
paper helps the reader to gain an insight into simulation in the field of power
converters for particle accelerators. Starting with the definition and basic
principles of simulation, two simulation types, as well as their leading tools,
are presented: analog and numerical simulations. Some practical applications
of each simulation type are also considered. The final conclusion then
summarizes the main important items to keep in mind before opting for a
simulation tool or before performing a simulation.

Keywords
Simulation; power converters; analog simulations; numerical simulations.

1 What is simulation?

Simulation can be defined simply as an abstraction of reality, a representation of real-world activities.
An even better definition would be that simulation is a procedure used to analyse physical systems
which are too complex for theoretical considerations. However, simulation is performed by
developing a model, and in turn a model constructs a framework to describe a physical system. In
other words, simulation refers to the result of running a model. This means that one would not ‘build a
simulation’; rather, one would ‘build a model’, and then ‘run a simulation’.

To illustrate the meaning of simulation, let us take an example: you have to perform some
experiments on a physical system, for instance a car that hits a concrete wall at approximately
350 km/h. This experiment can be performed in two ways: either the physical system itself or a model
of the physical system can be used. However, if the experiment needs to be repeated more than once a
physical system may not be cost effective once cost and time-consuming factors are taken into
account.

Using a cheaper physical model (e.g., an old car or other models of car with cheaper materials),
or even better a mathematical model of your physical system, can minimize the cost and the time-
consuming factors.

The experiment results from the mathematical model can be achieved by using either analytical
methods for accurate results or simulation models for approximate results.

Therefore, on the one hand, a good understanding of your physical system will help you to build
a good simulation model; on the other hand, a good simulation model will help you to optimize your
real system. So, there is somehow a kind of correlation between a real system and its simulation
model.

In brief, simulation is no more than a gross simplification of reality, because it includes only a
few factors of the physical system. Simulation is only as good as the underlying assumptions. In other
words, false assumptions mean false simulation models.
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2 Why simulation?

There may be several reasons why a simulation is appropriate. One of the main reasons is the fact that
simulation allows experiments to be conducted without exposure to risk. In fact, a study of the real
system can be too complicated, too expensive, or even too dangerous. Furthermore, simulation can be
useful when the real system does not yet exist or is not understood. In addition, it may not be possible
to observe the real system directly, or it could be working too fast (e.g., an electrical network) or too
slow (e.g., geological processes) to be analysed directly. The last important point is that nowadays the
complexity of systems in the field of power converters makes the use of simulation unavoidable.

2.1 Fields of application

Simulation is very versatile and suitable for applications in the field of engineering, physics,
astrophysics, chemistry, biology, economics, social science, training, education, video games, and
more. In this paper, only simulation for engineering applications, especially in the field of power
converters for particle accelerators, will be taken into account.

2.2 Advantages of simulation

The biggest benefit of simulation is that time and cost are saved during the real-system
implementation because designing, building, testing, redesigning, rebuilding, retesting, and so on
could be very expensive in both time and money. In addition, simulation provides understanding about
how systems really operate without building them. Moreover, simulations are repeatable and can be
optimized at any time to give results that are not measurable with current technology.

2.3 Disadvantages of simulation

There are, however, some disadvantages of simulation of which the simulator should be aware. For
instance, the simulation results could be completely wrong because of a few input data errors.
Moreover, sometimes the results of complex simulations are difficult to understand and analyse. Apart
from that, simulation cannot solve problems by itself, since a good simulation needs a basic
understanding of the real system. Finally, building a good simulation tool can be very time consuming
for the model constructor, and purchasing such a tool can be very expensive.

3 Principles of simulation

In the field of power converters for particle accelerators, simulation could be split up into two different
types: analog simulation and numerical simulation. Which is used depends on the type of experiment
that is to be performed.

On the one hand, analog simulation is summarized mathematically by a system of differential
(or integral) equations. For this equation to be solved, a model of components and Kirchhoff’s circuit
laws must be put together. The system of equations is solved by using algebraic and arithmetic
methods as the main technique for the entire model simulation.

On the other hand, for numerical simulation, after geometrical representation a mesh is created
to divide an object into tiny elements which can be easily studied and recombined for the entire
simulation system. Furthermore, the material properties and geometrical boundary conditions must be
taken into consideration before solving the problem as a system of differential (or integral) equations.
Here the numerical approximation is used as the main method to solve the equation system.

Generally, analog simulation is more appropriate for time-dependent systems, when the time
can be precisely controlled. It is mainly used for circuit simulation. Numerical simulation is more
suitable for space-dependent systems, where the space can be precisely controlled, and it is mainly
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appropriate for field simulation. In other words, numerical simulation is useful when the evolution of
the real system in space is required, whereas analog simulation is more convenient when the evolution
of the real system in time has to be considered. Nevertheless, both analog and numerical simulations
require some input data as starting values and some boundary conditions in order to perform the
simulation. Both simulation types are independent, but could be used to analyse the same physical
system.

Figure 1 shows one field of application for the analog simulation in which the time dependence
is important: the current and voltage waveforms for an inductance circuit. Figure 2 illustrates a typical
application for the numerical simulation: the magnetic field strength along a vertical cut plane. The
result of the simulation is calculated at a certain point in space on the vertical cut plane.

120V
60 Hz L=0.3H

A

Voltage Current

x v
z e R R e )
Fig. 2: Numerical simulation: surface current distribution of the coil and magnetic field strength along a vertical
cut plane.
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4 Types of simulation

Simulation, as already stated, can in general be split into two different types: analog and numerical.
Now let us have a closer look at each type of simulation. Some practical applications of each
simulation type will be considered.

4.1 Analog simulation

4.1.1 Analog simulation tools

We present some of the most utilized analog simulation tools in the field of power converters for
particle accelerators.

4.1.1.1 PSpice (Personal Simulation Program with Integrated Circuit Emphasis)

PSpice is an analog and digital circuit simulation tool. It started as a simulation tool for low-power
electronic circuits and it has been on the market for about 30 years. A large library of PSpice models
for various electronic components exists. However, the representation of numerical blocks and
controllers is difficult to achieve. The cost of a PSpice licence starts from €7000 for industry and from
€3000 for universities. Student licences and demo versions are available, but with limited model sizes.

4.1.1.2  Matlab/Simulink/SimPowerSystems/PLECS

Matlab—a mathematical tool intended primarily for numerical computing—was first developed more
than 40 years ago. However, optional toolboxes such as SimPowerSystems combined with Simulink
allow the simulations of electrical power systems including power electronics. A Matlab licence
combined with Simulink and SimPowerSystems starts from €8000 for industry and from €2000 for
universities. Student licences and demo versions are available for a small amount, but they have
limited model sizes. An additional toolbox, which can be combined with Matlab for the simulation of
power electronics, is PLECS. This is a fast and reliable power toolbox for Matlab.

4.1.1.3 Simplorer

ANSYS Simplorer is a multidomain simulation tool for complex power electronic and electrically
controlled systems. Simplorer basically integrates four modelling techniques (e.g., digital simulator,
circuit simulator, block diagram, and tate machine) that can be used concurrently within the same
schematic. Simplorer can be interfaced to many other simulation tools. A Simplorer licence starts from
€3500 for universities. Student licences and demo versions are available, but with limited model sizes.

4.1.1.4 PSIM (PowerSim)

PSIM is one of the simulators that was developed 20 years ago specifically for power electronics, but
it can be used to simulate any electronic circuit. PSIM is one of the fastest simulators for power
electronics simulation, and therefore it is optimized for the tasks that arise in this field. This results in
a faster simulation time. PSIM can be interfaced to Matlab/Simulink in order to use the full
mathematical power of Matlab. A PSIM licence starts from €1700 for Industry and from €280 for
universities. Student licences and demo versions are also available for a small amount, but with
limited model sizes.

4.1.1.5 LTspicelV

LTspice IV is a freeware tool for analog circuit simulation, produced by Linear Technology
Corporation. LTspice IV is considered as one of the best freeware tools available for circuit
simulation. It started as a simulation tool for models to ease the simulation of switching regulators, but
other models of components have been added for electrical circuits. LTspice IV is the most widely
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distributed and utilized SPICE (Simulation Program with Integrated Circuit Emphasis) program in the
industry.

4.1.1.6 CASPOC

This tool is designed for the simulation of power electronics and electrical drives. CASPOC is used in
the design and simulation of complex power and control devices and systems. It is appropriate for
multiphysics (e.g., Computational Fluid Dynamics, mechanical, thermal, or electromagnetic) control
systems. CASPOC is the only simulator on the market with a circuit animation feature, which contains
a ‘freeze and go back’ function. A freeware version of CASPOC is available; prices and conditions for
industry or universities are unknown to the author.

4.1.2  Field of application 1: temperature simulation for the European XFEL at DESY Hamburg

At DESY Hamburg, the European X-ray Free-Electron Laser (XFEL) linear accelerator is currently
under construction. Figure 3 shows the cross-sectional view of the tunnel for the particle acceleration
part, the so-called XTL tunnel. Figure 4 presents the longitudinal view of the underground XFEL
tunnels, with a total length of about 3.4 km, a depth from 6 m up to 38 m, and diameters of 5.2 m for
the XTL tunnel and 4.5 m for the photon tunnels. Simulations were very helpful in fixing the required
temperature profile for the XTL tunnel.

I

ST 2

Fig. 3: Cross-sectional view of the 2.1 km XTL tunnel

- i L] - 3G *

Total length: about 3.4 km Diameter
Underground tunnels = XTL, XTD1, XTD2 - 52 m
Depth : 638 m s XTD2 , XTD10 O -45m

Fig. 4: Longitudinal view of the XFEL tunnels
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4.1.2.1 Motivation

Many LLRF (Low Level Radio Frequency) signal cables whose transmission time is very sensitive to
the temperature variation, are installed in the XTL tunnel. For a high-precision machine like XFEL,
such effects are undesirable. In order to prevent the changes in propagation time of the LLRF signals,
a stable temperature profile along the tunnel is required. This sensitive stability allows only a
temperature variation in the range of 1 K, even during different operational modes of the accelerator
(e.g., maintenance days, limited access, or full operating time). Since the system does not yet exist and
furthermore is very complex to analyse, using simulations was the best way to fix this special
temperature requirement concerning the XTL tunnel.

Some simulations had already been done by means of Matlab for the steady-state temperature
calculation. In addition, it should have been possible to perform transient analyses with a numerical
simulation tool such as ANSYS CFX, but these cost too much in computing time and capacity due to
the limited ANSYS CFX licences at DESY.

To achieve this goal despite this fact, the ANSYS Simplorer package was chosen for analog
simulation. Two reasons motivated this choice. First, ANSYS Simplorer can handle complex
multiphysics circuit systems with transient behaviour (e.g., electrical, thermal, electromechanical,
electromagnetic, and/or hydraulic) quite easily. Second, it has a very stable simulation algorithm.
Also, enough user licences were available in our department.

4.1.2.2 Proceeding

As a first step, several input parameters, such as the heat sources (e.g., lights, cables, waveguides, hot
water pipes, pulse transformers, and matching networks and magnets) as well as the heat sinks (e.g.,
cold water pipes, the fact that the tunnel is underground) were investigated and the inlet temperature
defined. In addition, knowledge of the geology of the ground, and previous experience with and
temperature measurements in the former accelerator machine HERA, were helpful in understanding
the real system and implementing a good and reliable simulation model.

The second step was to transform the physical components of the tunnel (e.g., heat sources,
tunnel wall, or air) into the thermal circuit component (e.g., capacitance or resistance) model, and then
to add the material properties to these components. However, some heat sources and heat sinks
changed every 50 m along the accelerator tunnel. This meant that a new component model was
necessary along every 50 m section in the tunnel to complete the entire simulation, as presented in
Fig. 5. In this way the entire XTL tunnel was divided into several 50 m sections and was drawn as a
model of a thermal circuit in the ANSYS Simplorer schematic. To simulate the transient temperature
behaviour in the entire XTL tunnel, a total of 43 models were added in series, as shown in Fig. 6.
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Fig. 6: The entire 2.1 km XTL tunnel with a total of 43 model components as a thermal circuit in the schematic

of ANSYS Simplorer.

4.1.3 Simulation results

Figure 7 shows a photograph of the empty XTL tunnel at DESY with the lights as the only heat
sources. After running the first simulation, several measurements were made in the empty physical
tunnel to assist with further adjustments on the simulation model in order to obtain—on 12 March,
2013—the first plot of the temperature profile (see Fig. 8). This figure shows the measurement as well
as the simulation for the steady-state temperature behaviour in the XTL tunnel. The underground
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temperature around the tunnel during the measurement was about 11°C. This achievement is the
outcome of about 6 months of simulation analyses as well as measurements in the empty XTL tunnel.

Therefore, the best way to fit the simulation results with the measurements is a good
understanding of the real system. Furthermore, some measurements on the real system are necessary
in order to perform the appropriate readjustments of the simulation model.

Fig. 7: The empty XTL tunnel at DESY ﬁamburg with the lights as the only heat sources

Measurement —Simulation
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10

Temperature (°C)
B ®

0 200 400 600 800 1000 1200 1400 1600 1800 2000

Tunnel length (m)

Fig. 8: Measurement of the temperature profile in the 2.1 km empty XTL tunnel on 12 March, 2013, compared
with the simulation.

Since the simulation of the steady-state temperature behaviour in the empty XTL tunnel was
satisfactory, the next step was to analyse the transient temperature behaviour once the tunnel was no
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longer empty and during different operating modes of the XFEL accelerator machine. Table 1 displays
how the most important heat sources are distributed in the three parts of the XTL tunnel: the main
tunnel, the left cable channel, and the right cable channel. Table 1 also shows when the heat sources
are in service (ON) or not (OFF) for two different operating modes of the machine: maintenance days
and the full operating time. The goal now is to simulate the expected temperature profile along the
XTL tunnel after a typical service day of about 10 h or after 10 days of full operating time.

Note that the air flows from the end (at about 2.1 km) to the beginning of the tunnel, so that the
inlet temperature starts at the end of the tunnel. An inlet temperature of 23°C is chosen for all further
temperature simulations.

Table 1: Distribution of the most important heat sources in the three parts of the XTL tunnel: the main tunnel,
the left channel, and the right channel.

Operating  Maintenance

Heat sources in the XTL tunnel Tunnel part .
time day
Pulse cables, left Left channel ON OFF
Pulse cables, right Right channel ON OFF
Medium voltage power cables Main tunnel ON ON
Low voltage power cables Left channel  ON ON
Direct current power cables Left channel  ON OFF
Transformers Main tunnel ON OFF
Impedance matching network Main tunnel ON OFF
Magnets Main tunnel ON OFF
30°C water pipe 1 (feed line) Main tunnel ON ON
40°C water pipe 1 (outlet flow) Main tunnel ON ON
20°C water pipe 2 ( feed line ) Main tunnel ON ON
25°C water pipe 2 ( outlet flow ) Main tunnel ON ON
20°C water pipe 3 ( feed line ) Main tunnel ON ON
20°C water pipe 4 ( feed line ) Right channel ON ON
20°C water pipe 5 ( feed line ) Left channel  ON ON
Electronic racks Main tunnel ON ON
Waveguides Main tunnel ON OFF
Light Main tunnel OFF ON

Figure 9 shows the temperature profile over the time 50 m from the end of the XTL tunnel during a
maintenance day. There are two points to note from this figure: first, the steady-state temperatures are
reached after about a day of machine operating with values more or less the same as the inlet
temperature. Second, after 10 days of full operation, the temperature values in the three tunnel parts
change minimally—about 1.2°C when the accelerator is switched off for 10 h of maintenance. When
the accelerator is switched on again for the full operating mode, the temperatures take more than a day
to reach the steady-state values.
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Fig. 9: The changes in temperature over time 50 m from the end of the the XTL tunnel (at about 2.1 km). Blue
curve: temperature in the main tunnel; green curve: temperature in the left cables channel; red curve: temperature
in the right cables channel.

The air became much warmer at the beginning of the tunnel (see Fig. 10), at about 2.1 km away
from the position in Fig. 9. Two points should be also emphasized. First, the steady-state temperatures
are reached after more than one day of machine operating at approximately 4°C above the inlet
temperature. Second, after 10 days of full operation, the temperature values in the three tunnel parts
drop by about 7°C after 10 h of maintenance. When the accelerator is switched on again for the full
operating mode, the temperatures take more than two days to reach steady-state values.

In this manner the analog simulation provides understanding about how the XTL tunnel really
operates. Moreover it was possible using the simulation to consider all the interactions between the
heat sources and the heat sinks and finally determine the requirements for stable temperature
behaviour in the tunnel during different machine operating modes.

Temperature (°C)

0 I I2 t £Il o I6 T EIS C 1‘0 ‘ i2 C 14

Time (days)
Fig. 10: The changes in temperature over time at about 2.1 km from the end of the XTL. Blue curve:
temperature in the main tunnel; green curve: temperature in the left cables channel; red curve: temperature in the

right cables channel.
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4.1.4 Round up

The example shows that for simulation at least a basic understanding of the physical system is
required. However, the simulation model should be as simple as possible, but should be complex
enough to answer the questions asked. When possible, making measurements on the real system helps
to optimize the model for accurate simulation results.

4.2 Numerical simulation

4.2.1 Numerical simulation methods

Numerical approximation methods are used to find the solution of numerical simulation problems.
Some of the most used numerical methods are discussed in the following.

4.2.1.1 The finite difference method

The finite difference method (FDM) is the method used to approximate the solutions to differential
equations using finite difference equations to approximate derivatives. The principle consists in
approximating the differential operators by replacing the derivatives in the equations using differential
quotients. The domain is partitioned in space and time, and approximations of the solutions are
computed at the space or time points.

4.2.1.2 The moment method

The method of moments (MoM) is a numerical computational method of solving linear partial
differential equations which have been formulated as integral equations. It can be applied in many
areas of engineering and science, including fluid mechanics, acoustics, electromagnetics, fracture
mechanics, and plasticity.

4.2.1.3  The finite element method

The finite element method (FEM) is used to find approximate solutions of partial differential
equations (PDEs) and integral equations. The solution approach is based on either eliminating the time
derivatives completely (steady-state problems) or rendering the PDE into an equivalent ordinary
differential equation, which is then solved using standard techniques such as finite differences, etc. In
solving PDEs, the primary challenge is to create an equation which approximates the equation to be
studied, but which is numerically stable. The FEM is a good choice for solving PDEs over complex
domains or when the desired precision varies over the entire domain.

4.2.1.4 The Monte Carlo method

The Monte Carlo method is based on repeated random sampling to obtain numerical results. The
simulation typically runs many times over in order to obtain the distribution of an unknown
probabilistic entity. The Monte Carlo method is often used in physical and mathematical problems,
and is most useful when it is difficult or impossible to obtain a closed-form expression, or infeasible to
apply a deterministic algorithm. Monte Carlo methods are mainly used in three distinct problem
classes: optimization, numerical integration, and generation of draws from a probability distribution.

4.2.1.5 The method of lines

The method of lines is a general technique for solving PDEs by typically using finite difference
relationships for the spatial derivatives and ordinary differential equations for the time derivatives.
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4.2.2 Numerical simulation tools

The following tools are among the best known numerical simulation packages in the application field
of power converters for particle accelerators.

4.2.2.1 Quickfield

Quickfield is based on finite element analysis and is developed and distributed by Tera Analysis Ltd.
It is available as a commercial program or as a free program with limited functionality. Quickfield is a
stable and fast package, which is mainly used for the simulation of electromagnetic fields. A licence
starts from about €1200, depending on the version and the type of application. Therefore it is less
expensive for research institutes.

4.2.2.2 ANSYS CFX

ANSYS Computational Fluid Dynamics (CFX) simulation software allows the simulation of fluid
flow in a variety of applications. It is based on finite element analysis, which was developed by Dr
John Swanson. His company, founded in 1970—SASI (Swanson Analysis Systems Inc.)—developed
the first versions of ANSYS up to version 5.1. After the sale of the company in 1994 it was renamed
ANSYS Inc. ANSYS CFX solutions are fully integrated into the ANSYS Workbench platform.
Workbench integrates workflow needs as well as multiphysics functionality (fluid—structure
interaction, electronic—fluid coupling, etc.). A student licence with reduced model sizes is available.
Price and conditions for industry or research institutes are unknown to the author.

4.2.2.3 ANSYS HFSS

The HFSS (High Frequency Structure Simulator) is a finite element method tool for three-dimensional
full-wave electromagnetic field simulation from ANSYS and is essential for the design of high-
frequency component design (e.g., antenna design). Previously known as the Ansoft HFSS, Ansoft
was later acquired by ANSYS. A licence starts from €20,800 for industry and from €14,000 for
universities. A student licence with reduced model sizes is less expensive.

4.2.2.4 ANSYS MAXWELL 2D

Maxwell 2D is an electromagnetic simulation software program used to develop accurate virtual
prototypes of electric machines, actuators, transformers, sensors, and other electromagnetic devices
that can be represented in two dimensions. A student licence with reduced model sizes is available.
Prices and conditions for industry or research institutes are unknown to the author.

4.2.2.5 FEKO

FEKO is a MoM tool developed by EM Software & Systems — S.A. (Pty) Ltd for electromagnetic
simulation. FEKO has an online simulation service with the cost of usage per hour per core used,
which includes FEKO licence fees.

4.2.2.6 CONCEPT-1I

The CONCEPT-II software is an advanced electromagnetic field simulator for the numerical
computation of radiation and scattering problems in the frequency domain. The code is based on the
MoM and integral equations for the electric and magnetic fields. CONCEPT-II is developed by the
Institute of Electromagnetic Theory at the Technical University of Hamburg—Harburg (TUHH) and
can be used free of charge in academia. Price and conditions for industry are unknown to the author.

406



SIMULATIONS

4.2.3 Field of application 2: grounding of HV power suppliers (modulators) for RF stations for
the XFEL

Let’s consider now an example of application for the numerical simulation. The European X-ray Free-
Electron Laser (XFEL) linear accelerator at DESY Hamburg requires 29 RF stations capable of
10 MW RF power each for electron acceleration in the XTL section. The RF power for the XFEL
linear acceleration is generated by klystrons which are installed in the underground XTL tunnel, close
to the accelerator modules. The klystrons are powered by HV pulses from modulators which are
located in the modulator hall (XHM), above ground on the DESY site. Each modulator is connected to
the pulse transformer at the klystron by means of a long triaxial cable and pulses up to 12 kV and 2 kA
with a duration of 1.7 ms and a nominal repetition rate of 10 Hz. The grounding simulations of these
modulators assist in greater understanding of some EMC effects occurring during commissioning.

Figure 11 shows a combination of devices connected from the transformer to the modulator. HV
racks distribute the power among the 29 modulators and the HV racks. The modulators are
interconnected by a system of protection earth, grounding, and power cables, which are three-phase
cables without a neutral conductor.

Transformer HV racks Power & PE cables Modulator
Fig. 11: Combination of devices comprising the modulator system in the hall

4.2.3.1 Motivation

Measurements taken after installing and commissioning the first modulator showed some
electromagnetic interference which was not understood. The sources of a 50 Hz high current of more
than 50 A peak to peak, measured on the PE conductor were unknown. Faults in the insulation of the
power cables and PE conductor had already been excluded after insulation measurements were made.
The main suspect was the EMI current induced from the power cables.

The goal was to perform simulations to confirm the suspicions and finally to find a solution for
the optimization of the grounding system of the 29 modulators. To achieve this, Quickfield was
chosen from the tools for numerical simulation for several reasons. Quickfield is very easy to learn
and offers the useful possibility of combining electrical circuits with field simulations. In other words,
geometrical models from the numerical simulation could be easily transformed as electrical circuits in
the same schematic of Quickfield. Moreover it is a multiphysics tool—very stable and very fast with
various analysis types (e.g., a.c., d.c., and transient electromagnetics, electrostatics, steady-state and
transient heat transfer, stress analysis). The main disadvantage is that only basic components for
electrical circuit analysis (e.g., resistors, capacitors, inductors, diodes, voltage sources, and current
sources) are available in the library of Quickfield components.

4.2.3.2  Technical data for the modulator

The technical data for the modulator is given in Table 2 and Fig. 12 shows the overview of the
modulator hall at DESY Hamburg.
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Table 2: Technical data for the modulator

Number of modulators
Output voltage

Output current
Average output power
Maximum pulse power
Pulse duration

Pulse repetition rate

29

0-12 kV

0-2 kA

max. 380 kW
16.8 MW
0.2-1.7 ms
1-30 Hz

Fig. 12: Overview of the modulator hall

4.2.3.3 Proceeding

Figure 13 shows an overview of the grounding schematic of the modulators connected as a TNS
(Terre Neutre Séparé) system, with PE (protective earth) and N (Neutral) conductor separated from the
transformer grounding point. The neutral conductor between the HV racks and the modulators is not
required because of the symmetrical properties of the modulators as loads. The cable length between
the modulator and the HV racks is about 30 m. The schematic of Fig. 13 was translated as a space-
dependent system in Quickfield for field simulation analysis. The field simulation was used to
visualize the influence of the electromagnetic field propagation around the power cables. First, the
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geometry of the power cable systems and surrounding devices (e.g., cable trays, PE conductors) was
drawn to build a model for the numerical simulation that is as accurate as possible. Then the
geometrical models were transformed into electrical circuit components for further electrical circuit
analysis.
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Fig. 13: Overview of the grounding schematic of the modulators

4.2.4 Simulation results

Figures 14—19 show the simulation results in three different cases: when the PE conductor is near to,
between, or about 25 cm away from the power cables. These results will then be compared with the
measurements.

4.2.4.1 PE conductor near to one of the three power cables

Figure 14 (left) shows the magnetic field and the current density field simulation. The electrical circuit
schematic from the field simulation can be observed on the right. Fig. 15 illustrates the measurement
for simulations results verification. The effective (rms) of the current on the PE conductor between
both figures is almost the same. This means the good accuracy of the simulation model compared to
the real system. The simulation analysis demonstrates that the power conductors induce
uncompensated annoying currents on the PE conductor and the cable trays around. The inducted
current on the PE conductor is up to 10% of the power conductors current, which is not desirable for a
high precisely accelerator machine like the European XFEL. Then the high PE conductor current
could flow through the ground and finally disturb the electrons acceleration in the machine.
Furthermore that current could interfere as noise signal for the machine beam monitoring. Further
simulations will show how to reduce the inducted current in the PE conductor.

409



H-field

Current density

G 72182134

400 L1
Vi
_ p=120e 1 2 o
b L 1=18214A
V2
~ p=2a0° = 18213A
400 L3
V3

~{1=18.53 Arms

“I1=18.53 Arms
Cable trays

1=0.0094 A

Earth resistance

Fig. 14: Simulation with the PE conductor near to one of the three power cables
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Fig. 15: Measurement with the PE conductor near to one of the three power cables

4.2.4.2 PE conductor between the power cables

Figure 16 illustrates the results of simulation when the PE conductor is between the three power

cables. The current on the PE conductor is greatly reduced, from about 20 A,

to about 6 A,,, because

pp>

the electromagnetic fields between the power cables cancel each other out. The H-field and the current
density simulation in Fig. 16, as well as the measurement shown in Fig. 17, confirm this. The
difference in value of the PE conductor current in the simulation and that in the measurement is
because it is difficult to fix the PE conductor exactly in the middle of the three power cables. The blue
sine wave in Fig. 17 represents the uncompensated current measured around the three-phase power

cables.
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Fig. 16: Simulation with the PE conductor between the power cables
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Fig. 17: Measurement with the PE conductor between the power cables

4.2.4.3  PE conductor about 25 cm away from the power cables

Figure 18 shows the results of the simulation when the PE conductor is fixed on the cable tray about
25 cm away from the three power cables. The current in the PE conductor is now greatly reduced, to
about 2.8 A, because the strength of the electromagnetic field decreases further away from the power
cables. The simulation results in Fig. 18, as well as the measurement in Fig. 19, demonstrate this. The
blue sine wave in Fig. 19 represents the uncompensated current measured around the three-phase

power lines.
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Fig. 18: Simulation with the PE conductor about 25 m away from the power cables
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Fig. 19: Measurement with the PE conductor about 25 cm away from the power cables

4.2.5 Roundup

Simulations, supported by measurements, help in finding a advantageous grounding system for the
modulators by allowing a choice of cables with better EMI rejection properties as well as optimizing
the cabling for the grounding. In addition, simulations eliminate the costs of making modifications
after installation.

4.3 Conclusion
4.3.1 Challenges in the world of simulation
Despite the huge improvements realized by building simulation tools in over the past few years,

further improvements are welcome. Engineers can probably expand this list, but the following
improvements in the world of simulation are still desirable for some simulation packages:

a) more intuitive software design to make the usage even easier;
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b)

©)
d)

e)

4.3.2

faster models for lower simulation time;
models and results transfer between different simulation tools and operating systems;
better user support and extended online help;

lower licence costs.

Expectations for a good simulation tool

Some basic expectations for a good simulation tool comprise:

a)
b)
¢)
d)
e)
f)

4.3.3

comfortable and intuitive schematic design;

easy interpretation of the error messages;

robust execution of the simulation;

simulation result formats which can be exported to other programs for further analysis;
good user support from the manufacturer;

portability of models from one program version to the following ones.

Checklist before opting for a simulation tool

There are many powerful simulation tools available, all of which have some advantages and
disadvantages. A few guidelines useful for selecting a simulation tool that will meet your needs are
listed in the following.

1)

2)

3)

4)

5)

4.3.4

Before expending any effort researching simulation tools, the organization should commit to
investing both the necessary money and staff time into purchasing and learning how to use a
simulation software program. Depending on the type of simulation tool selected, the price for
a single licence can be very expensive.

Perhaps the most important step in selecting simulation software is to state clearly the problem
(or class of problems) that you would like to address. This must include a general statement
about what you would like the simulation tool to do.

Because simulation is such a powerful tool, a wide variety of approaches and tools exist to
assist in understanding complex systems and to support decision making. Before trying to
survey all the available tools, you must first decide upon the general type of tool that you
require (e.g., analog or numerical simulation).

This step involves developing a set of functional requirements that you would like the
software tool to have. Note that requirements specify what the simulation software will do,
not how. They should be as concise as possible (e.g., should be able to support a Monte Carlo
simulation, a.c., d.c., transient, etc.).

An evaluation version of each product should eventually be obtained to test the
software. Although this is necessary, it can be time consuming, since there will be a learning
curve associated with each product.

Important points to achieve accurate simulation results

Regardless of the chosen type of simulation, accurate output results always depend on the following.

1)

The simulation model should be as simple as possible—complex enough only to answer the
questions asked.

413



N.M. NGADA

2) A basic understanding of the real system is necessary. The expectation that the simulation
tool will be 100% correct is wrong, and a lot of time can be spent realizing that.

3) The interrelation between the simulation model and the real system will help you to build an
accurate model and to determine if the simulation results fit the physical system.

A famous quotation states: “Those who can, do. Those who cannot, simulate.” But nowadays
the complexity of power systems makes the basic understanding of the real system before simulation
indispensable. Simulation does not replace understanding.
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Abstract

Particle accelerators use a great variety of power converters for energizing
their sub-systems; while the total number of power converters usually
depends on the size of the accelerator or combination of accelerators
(including the experimental setup), the characteristics of power converters
depend on their loads and on the particle physics requirements: this paper
aims to provide an overview of the magnet power converters in use in
several facilities worldwide.

Keywords
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1 Introduction

According to some recent statistics (2011) [1], there are about 30 000 particle accelerators operating in
the world, mostly used for industrial (20 000) and medical (10 000) purposes. Scientific research
applications are a small fraction of the total [2], as can be seen in Fig. 1 (data extracted from Ref. [3]).

ACCELERATORS USAGE WORLDWIDE

lon Implanters & Radiotherapy
Surface Modification 44%
41%

Medical

_Radioisotopes
Industrial Processing and - >1 GeV for research 1%
Research 9% 1% Research (incl. biomedical) 4%
Fig. 1: Accelerators usage worldwide (2011)
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Compared to the other applications, particle accelerators for scientific research quite often
require ‘close-to-the-edge’ technologies and custom-designed equipment. Such devices (or solutions
derived/inspired from them) can also find uses in industrial or medical applications.

1.1  Aim of this paper

The subsystems of accelerators, either a relatively small piece of equipment or a large structure,
require a variety of power converters of different type, size, and performance. To somewhat limit the
vastness of the field, only the accelerators related to scientific applications will be considered here.

During the specialized CAS course on power converters in 2004, H.-J. Eckoldt presented a
lecture entitled ‘Different power supplies for different machines’. In his paper [4], focused on magnet
power converters, he provided a good overview of technologies, topologies, and magnet connections
to power converters in special applications, with many examples of solutions adopted by several
facilities worldwide.

In this paper, I will try to integrate Eckoldt’s work, by presenting a comparison of the
requirements of power converters (PC) for magnets, according to the different applications for particle
accelerators (PA).

2 Particle accelerators

Several sources report the history of particle accelerators (see, for example, Ref. [5]). The first
artificial source of accelerated ‘high’ energy particles (or, better, particles with energies higher than
those obtainable from natural sources) is the accelerator constructed by J.D. Cockcroft and E.T.S.
Walton in 1930 at the Cavendish Laboratory in Cambridge, England. It has to be noted that the
researcher, Walton himself, as shown in Fig. 2, was sitting extremely close to the interaction point
between particles and target (radiation issues were still to be investigated...).

Fig. 2: Photograph of the first Cockroft-Walton machine, 1932 (Credit: Cavendish Laboratory, University of
Cambridge).

The Cockroft-Walton machine was an electrostatic device, based on a voltage multiplier
structure. Almost in parallel (1931), accelerators based on RF oscillators appeared: the linear
accelerator (D. Sloan and E.O. Lawrence, starting from the work of R. Widerde and G. Ising) and the
first circular machine, the cyclotron, invented by E.O. Lawrence; see Figs. 3 and 4.
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Fig. 4: E.O. Lawrence and his 5-inch cyciotron, the ﬁrs uccessful cyclotron built by Lawrence and his graduate
student M. Stanley Livingston, (Credit: Lawrence Berkeley National Laboratory).

These machines, along with the betatron and synchrotron, are the ‘common ancestors’ of the
modern accelerators; and power converters played a key role since the very beginning.
2.1 Particle accelerator classification

One could organize the PA types in various ways. For the purposes of this paper, I consider the
following structure:

—  ‘linear’ or ‘open’, like LINACs or FELs;
—  ‘circular’ or ‘closed’, like cyclotrons or synchrotrons.

The specific application is also an important criterion that is relevant for the required
characteristics of the power converters:

—  high energy physics colliders (HEP-C);
— ion sources/cancer therapy (IS/CT);
— neutron sources (NS);

—  light sources (LS).
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Independently from the structure—open or closed—and from the specific field of application
there are some common actions between the different types of PA:

—  production of particles;
— acceleration (increasing the energy) of particles;
—  ‘handling’ of particles;

— measure the energy of particles.

2.2 Particle accelerators and power converters

The actions mentioned above are performed using specialized and dedicated equipment or complete
subsystems that use power converters whose output could either be a current or a voltage; AC, DC or
pulsed; high current, high voltage or both; low power—watts or kW, or high power—hundreds of kW
or MW.

As anticipated in the Introduction, for several reasons magnet power converters are the object of
this paper, beyond the obvious requirements of ‘limiting’ the field:

—  in my opinion, the world of magnet power converters is fascinating';

— magnets are everywhere in a PA (magnetic lenses on guns, focusing coils on klystrons,
solenoids on accelerating structures, magnets and coils, compensation or correcting coils on
insertion devices, spectrometers, etc.);

— magnets can be normally conducting (warm) or superconducting (cold);

— magnets can be DC operated, AC operated (often with ‘exotic’ waveforms) or “pulsed’.

2.2.1 The role of magnet power converters

Particle physicists (or ‘machine physicists’) study and define the characteristics of the particle beams
according to the application (e.g. collider or light source). During and especially after the ‘acceleration
phases’ of the particles, magnetic fields are normally used to ‘shape’ and drive the particle beams.
Consequently, the characteristics of the magnetic fields have a great influence on the ‘good quality’ of
the particle beams.

When electromagnets are used, there are two major issues to consider: the electromechanical
design (materials, profile of the poles, shape of the coils, etc.), and the excitation current (ripple or
harmonic content, stability, reproducibility, etc.). The power converters energizing the magnets play a
key role in matching the required performance of the accelerator.

2.2.2 Physics, magnetics, power, control, plant: a system

A particle accelerator is a complex system: its performance also depends upon environmental
constraints, like the stability of the ambient temperature where it is installed as well as the temperature
of the rooms/galleries where the equipment—power converters, diagnostic electronics, etc.—are
located.

Energy considerations—in particular for large facilities—have become strategic issues (see, for
example, Refs. [6] and [7]). Magnets and the associated power converter designs are strictly
interconnected activities, along with the specifications of the cables connecting them. Adopting a
proper cross-section for the cables reduces the voltage drop on the cables, the output power required
from the power converters and—from an operational point of view—allows for the reduction of costs.

'Once, when asked about my job at Elettra, I answered: “I’m providing particle physicists a tool to manipulate with
micrometric precision, without any contact, almost immaterial and invisible particles travelling close to the speed of light”.
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Any watts dissipated in the magnet, power converter and cables are paid for twice: once from the
mains to provide them and once from the cooling plant to remove them. Installation issues are also to
be considered. Figure 5 summarizes some of the relevant interconnections among the different
‘players’.

I Electrical Plant Designer |

| Facility Buildings Designer |

Magnet De5|gner — | Power Suppl|es Designer |

\/ Controls Expert

Water Cooling &
Air Conditioning Designer

Particle Physmlst

Fig. 5: Magnet, power converter, control, plant: a system

2.2.3 Some definitions

Before starting a detailed comparison of the characteristics required by the different applications
among PAs, I want to recall some useful definitions.

2.2.3.1 Current stability

Current stability is a measure of long-term drift (a percentage of full-scale), over several hours at fixed
line, load and temperature, after a warm-up period. Figure 6 shows a real-life example [8] of a stability
test over more than 7 hours on a magnet power converter (750 A, 25 V) currently in use with the
FERMI FEL source (see, for example, Refs. [9, 10]) at the Elettra Laboratory.

Stability Test on PSB_MBDFEL1
(20 Aug 2010 - duration 7 h 21°)

lout

750,148

750,146 i T

~10mA=1.3-10° [~

750,144
[

Note:
The PS was

750,140 started from "cold’ ul

750,142 p

Output Current (A)

Y
750,138

750,136
0:0

1112 224 336 4:48 6:00 7:12
Elapsed Time (h:mm)

Fig. 6: Example of current stability test

2.2.3.2  Current ripple

This is noise on the output current specified as a percentage of the full scale. The frequency spectrum
depends on the technology adopted and frequency of commutation of the switches.
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2.2.3.3 Resolution (set and read-back)

This is the smallest possible steps for adjustment of the current set point or the current read-back,
specified as a percentage of the full scale or number of bits.

2.2.3.4 Reproducibility

Reproducibility of the actual output current, for the same current set point (at different times) of a
desired output value under constant conditions is specified as a percentage of the full scale.

2.2.3.5 Accuracy (set and read-back)

Accuracy is a measure of how close the actual output current is to the current set point or to the
current read-back, specified as a percentage of the full scale.

3 Particle accelerators and magnet power converters

In the following sections I will describe many examples of magnet power converters in use in facilities
worldwide, according to my classification as described in Section 2.1. Most of the information is
derived from private communications and openly available sources, such as proceedings of particle
accelerator conferences (see Ref. [11] for a complete list) or the web sites of the facilities. Images
shown in the following sections have been taken from the facilities” web sites or free/open internet
image banks through the courtesy of each facility. I have reported the photo credits, when available
and required, in the captions.

The particle accelerators for scientific research applications are a small fraction of the total,
nevertheless they are sufficiently numerous and the variety of power converter in use is so big to force
me to limit the number of examples. I therefore apologize if when reading this paper you do not find
your facility.

The examples refer to operational facilities or facilities under construction (at the time of
writing) and the dates by their names indicate the start of commissioning/operation. I have tried to
structure tables as uniformly as possible but there are differences between them due to the variety of
formats adopted in the various documents and sources in describing the power converters and the
available data. When not explicitly indicated, I have gathered the data reported via private
communications.

3.1 High energy physics colliders (HEP-C)

The facilities in this field of applications are characterized by very high particle energies, in the Tera
electronVolt (TeV) region) and very large dimensions (kilometres in circumference). There is a large
use of superconducting magnets (and conventional ones, too); a very large number of magnet power
converters of all types: high current, high voltage or both; low power—watts or kW—or high power—
hundreds of kW or MW.

3.1.1 LHC (CERN, Switzerland, 2008 to 2009)

The LHC is the largest accelerator—actually a complex of accelerators, see Fig. 7—featuring several
‘world records’:

—  highest particle energy, 7 TeV (3.5 TeV + 3.5 TeV);
— largest structure (27 km in circumference);

— largest cryogenic system in the world and one of the coldest places on Earth, main magnets
operating at a temperature of 1.9 K (—271.3°C) [12];
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— largest number of superconducting magnets (~9600);

— and more...

—ALICE™

Fig. 7: The LHC (credit: CERN)

There are more than 1700 magnet power converters, either unipolar or bipolar (two- or four-
quadrant), with currents as high as 13 kA. The technologies adopted are both thyristor rectifiers
(silicon-controlled rectifiers - SCR) and switch mode (SM) with insulated-gate bipolar transistors
(IGBTs) or metal oxide semiconductor field-effect transistors (MOSFETs). For large output current
power converters, smaller units are connected in parallel. The power converters (PCs) are custom-
made one, often collaborating with industries in developing the PCs. Since almost all PCs are located
underground and are not easily accessible for maintenance and repair, reliability is a key parameter.
Table 1 summarizes some of the characteristics of the magnet power converters for LHC.

Table 1: Summary of LHC magnet power converters

Power converter type Quantity Switch % hour
type? stability
[ppm]

MB [13 kA, £190 V] 8 SCR 3

MQ [13 kA, 18 V] 16 SM 3

Inner triplet [5-7 kA, 8 V] 16 SM 5

IPD and IPQ [4-6 kA, 8 V] 174 SM 5

600 A type 1 [£0.6 kKA/£10 V] 400 SM 10

600 A type 2 [£0.6 kA/£40 V] 37 SM 10
120 A [£120 A/£10 V] 290 SM 50
Orbit correctors [£60 A/+8 V] 752 SM 50
Warm magnets [1 kA/450-950 V] 16 SCR 20

2 SCR — Thyristor bridge; SM — Switched Mode
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3.2 Ion sources

Ion sources (IS) facilities requires a low particle energy (hundreds of MeV). The dimensions are in the
order of hundreds of metres. The accelerators can be of different types (cyclotrons or LINACs), also in
particular configurations. Since both superconducting and conventional magnets are used, there is a
large variety and number of power converters.

3.2.1 FRIB (USA, under construction)

Citing the official web page of FRIB [13], it “will provide intense beams of rare isotopes—shortlived
nuclei no longer found on Earth. FRIB will enable scientists to make discoveries about the properties
of these rare isotopes in order to better understand the physics of nuclei, nuclear astrophysics,
fundamental interactions, and applications for society. As the next-generation accelerator for
conducting rare isotope experiments, FRIB will allow scientists to advance their search for answers to
fundamental questions about nuclear structure, the origin of the elements in the cosmos, and the forces
that shaped the evolution of the universe.”

The layout is shown in Fig. 8. The facility uses linear accelerators organized in a ‘paperclip’ (or
‘folded LINAC’) structure to save space.

LA
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i " e |
et = ‘*“*—a—mq,’f Space for future expansion
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Production \{ T |I T T l
Target . 50 meters
Systems Beam Delivery System Folding Segment 2
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— il

Linac Segment 1

Linac Segment 2

[
Fig. 8: FRIB layout (Credit: FRIB-MSU)

Folding Segménl 1

There is a large variety of magnetic—normal and superconducting—and electrostatic elements
(dipoles and quadrupoles) to act on the particles, requiring either high voltages or high currents. From
the power converter point of view, this translates in a mix of one quadrant (1-Q), two quadrant (2-Q)
and four quadrant (4-Q) power converters (see Tables 2 and 3).

Table 2: FRIB eclectrostatic element power converters

Quantity Tout Vout Long-term Ripple Accuracy  Resolution
[mA] [kV] stability [ppm] [ppm] [ppm]
[ppm]
11 1-60 1-100 +100-+500 100-200 1000 500
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Table 3: FRIB magnetic element power converters

Quantity  ZLout Vout Long-term Ripple Accuracy Resolution
[A] [V stability [ppm] [ppm] [ppm]
[ppm]
194 2-3500 6-600 +200—£1000 50-400 2500-4000 20-200

The relatively ‘relaxed’ parameters of some power converters allow the adoption of commercial
units (so-called commercial-off-the-shelf (COTS), a solution that has some advantages in terms of
costs, availability, reliability (units are produced in hundreds, over the years), maintenance and spares.

3.3 Cancer therapy

The centres for cancer therapy (CT) are, at the same time, an accelerator facility and a clinical facility:
quite different environments, where technical, scientific, medical and psychological aspects coexist
and have to be considered at the same time. This type of facility requires a low particle energy
(hundreds of MeV). The dimensions are relatively small, in the order of tens of metres. The
accelerators can be of different types (cyclotrons or synchrotrons). The power converters are of
different types (SCR, PWM, linear) and their main requirements are high reliability (e.g. avoiding
failures during treatment of patients) and minimization of repair time.

3.3.1 PROSCAN (PS1, Switzerland, 2007)

PROSCAN is a cyclotron-based facility for proton therapy within the Paul Scherrer Institute (PSI) in
Villigen (see, for example, Ref. [14]); the layout is shown in Fig. 9. The proton beamlines are used for
eye radiotherapy and deep-seated tumours. The proton source is the 250 MeV COMET cyclotron; its
installation is shown in Fig. 10.

PROSCAN Layout

Fig. 10: The COMET cyclotro under construction in OO (Credit: PSI)
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There are about 100 magnet power converters. They are all four-quadrant pulse-width
modulation (PWM) type, and the main focus is on dynamics with tight requirements on di/d¢ and
regulation delays. Table 4 summarizes the parameters of the PROSCAN magnet power converters.

Table 4: PROSCAN power converters

Type Tout Vour  Long- Ripple Reproducibility  Accuracy  di/dz
[A] [VI  term [ppm]  [ppm] [ppm] [A/s]
stability
[ppm]
IGBT 500 350 100 50 100 500 125
IGBT 220 320 1000 1000 11 000
IGBT 220 285 15 15 100 500 100
IGBT 150 175 1000 1000 40 000
IGBT 150 90 100 50 100 500 100
MOSFET 50 50 500 100 500 500
MOSFET 10 24 500 100 500 500

3.3.2 CNAO (Italy, 2010 to 2012)

CNAO is a synchrotron accelerator (about 80 metres in circumference) where carbon ions or protons
are accelerated and then driven to the treatment room. The protons are accelerated to 250 MeV while
the carbon ions are accelerated to 480 MeV. Figure 11 shows the synchrotron ring.

Fig. 11: CNAO synchrotron (Credit: CNAO)

Table 5 summarizes the characteristics of the more than 200 magnet power converters [15]. It
has to be noted that there are high voltage and high current requirements at the same time—requiring
the adoption of a mixed technology: thyristor (SCR) bridges with switched mode active filtering on
the DC side of the bridges [16], and high reproducibility.
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Table 5: CNAO power converters

Magnet Type Tout Vout Long-term  Ripple Reproducibility  Resolution

[A] [Vl stability [ppm] [ppm] [ppm]
[ppm]

Dipole SCR+SM AF 3000 +1600 +5 +5 +2.5 +5

Dipole SCR+SM AF 3000 +110 +25 +25 +13 +25

Dipole SCR+SM AF 2500 +450 +5 +5 +2.5 +5

Dipole PWM +550 +660 +200 +100 +100 +60

Dipole PWM +30-300 +20—+35  +50-—=+500 +50—+250 £25-4500 +50-+1000

Quadropole PWM 150-650 +17—<65  +50—100 +50—=+100 £25-+50 +50—£100

+ sextupole

Corrector Linear +30—150  +15—30 +500 +250 +500 +1000

3.3.3 MedAustron (Austria, under construction)

MedAustron uses a synchrotron accelerator (about 80 metres in circumference) with a LINAC pre-
accelerator for the ions. Proton or carbon ions are accelerated and then driven to the treatment rooms.
The protons are accelerated up to 250 MeV (800 MeV for non-clinical research) while the carbon ions
are accelerated up to 400 MeV [17]. Figure 12 shows the facility building and its layout.

Fig. 12: MedAustron view and layout (Credit: MedAustron)

There are more than 200, four-quadrant, PWM power converters, operating at 0.5 Hz, with peak
output power up to 4.5 MW. The precision range is between 10 ppm to 100 ppm. The power
converters were specified to and provided by the manufacturers as voltage sources, while the high-
precision current regulation system was designed and provided in collaboration by CERN and
MedAustron [18].

3.4 Neutron sources

The production of neutrons from neutron sources (NS) requires linear or circular accelerators, of mid
to low energy (0.8 GeV to 2.5 GeV) whose dimensions are in the order of some hundred metres or
less. Neutrons are generated via spallation (a simple and clear description of the principle is given in
Ref. [19]).

3.4.1 ISIS (RAL, UK, 1985)

ISIS [20] is a neutron source located in the Rutherford Appleton Laboratory (RAL) in the UK. It is
based on a 800 MeV proton accelerator comprising a LINAC pre-accelerator and a synchrotron
(165 m circumference) operated at 50 Hz, see Fig. 13.
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= -

- ISIS (Credit: RAL, ISIS)

(]

Fig. 1

Operation at such a ‘high’ frequency, 50 Hz, imposes the adoption of a special configuration for
the magnets and the associated power converters, the ‘White circuit’, from the name of the inventor
(the original paper is Ref. [21]). At ISIS it consists of a 1 MJ resonant circuit with a DC bias power
converter (660 A) and 4 x 300 kVA AC power converters, connected to a string of 10 chokes [22, 23],
see Fig. 14. The rated secondary AC rms voltage is 14.4 kV at 1022 A.

Fig. 14: ISIS White circuit layout from Ref. [22]

3.5 Light sources

Light sources (LS) utilize electrons to generate synchrotron radiation as a tool for research and are,
usually, user-dedicated facilities (within an extremely vast literature, the properties of synchrotron
radiation are described, in an unconventional but effective way, in Ref. [24]). They can be either
‘circular’—the so-called ‘storage rings’—or ‘linear’—also known as the free electron laser (FEL).

Storage rings operate in the 1.5 GeV to 8 GeV range; they have dimensions of some hundreds
of metres up to a few kilometres. They adopt either normal or superconducting magnets and—in
particular for the most recent facilitiecs—most of the magnets are individually energized, requiring a
large number of power converters.
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FELs operate at 1.5 GeV up to 20 GeV; the dimensions are ranging from some hundreds of
metres up to a few kilometres; they use normal or superconducting magnets and they require a large
number of power converters.

In the following paragraphs, I have briefly summarized the characteristics of the main magnet
power converters of storage rings (SR, Sections 3.5.1 to 3.5.10) and free electron lasers (FEL, Sections
3.5.11 to 3.5.14). The year in parentheses by the name indicates the first stored electron beam or first
electron beam along the whole structure.

3.5.1 Elettra (Italy, first e-beam 1993)

Elettra is a ‘double energy facility’: it regularly operates for users at 2.0 GeV (75% of the allocated
beamtime) and 2.4 GeV (25% of the allocated beamtime) [25]. The storage ring circumference is
264 m and there are about 300 DC power converters adopting thyristor bridges for the main magnets
and transistor-based bipolar linear topology for correctors [26, 27]. Table 6 summarizes the magnet
power converters, while Fig. 15 is an aerial view of the storage ring building.

ey T b

Fig. 15: Aerial iew of the Elettra storage ring biding (Credit: Elettra Sincrotrone Trieste)

Table 6: Elettra power converters

Magnet Tout Vout Long-term Ripple Resolution  Type
[A] VI stability [ppm] [ppm]
[ppm]
Dipole SR 2000 560 +200 +40 16 SCR
Quadrupole SR 300 560 +200 +40 16 SCR
Sextupole SR 300 560 +200 +40 16 SCR
Corrector SR +16 +80 +500 +50 16 Bipolar linear

3.5.2 APS (USA, first e-beam 1995)

The Advanced Photon Source (APS) operates for users at 7 GeV [28]. The storage ring circumference
is 1100 m and there are more than 1100 DC power converters adopting either thyristor bridges or
PWM techniques. Table 7 summarizes the magnet power converters, while Fig. 16 is an aerial view of
the facility.
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Fig. 16: Aerial view of APS (photograph Tigerhill Studio, Argonne National Laboratory)

Table 7: APS power converters

Magnet Tout Vout Long-term Ripple Resolution
[A] [Vl stability [ppm]  [ppm]
[ppm]
Dipole SR 550 750 +30 +40 16
Quadrupole SR 500 20 +60 +800 16
Sextupole SR 250 25 +300 +200 16
Corrector SR +150 +20 +30 +1000 16

3.5.3 LNLS (Brazil, first e-beam 1997)

The UVX machine at LNLS operates for users at 1.37 GeV. The storage ring circumference is 93 m
and there are about 200 power converters (DC and AC for the booster) adopting either thyristor
bridges or PWM techniques [29]. Table 8 summarizes the magnet power converters, while Fig. 17 is a

view of the UVX.
g , ;
Fig. 17: View of UVX (Credit: LNLS)
Table 8: UVX (LNLS) power converters
Magnet Tout Vout Long-term Ripple Resolution  Type
[A] [V stability [ppm] [ppm]
[ppm]
Dipole SR 300 950 +100 +70 16 SCR
Quadruple + 10-220 1045 +1000—+100  £1000—100 16 SCR
sextupole
SR
Corrector SR +10 +10 +1000 +100 16 Bipolar linear
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3.5.4 SLS (PSI, Switzerland, first e-beam 2000)

The Swiss Light Source (SLS) operates for users at 2.4 GeV [30]. The storage ring circumference is
288 m and there are about 640 DC power converters. This is the first facility adopting an in-house
developed fully digital regulation and control for the magnet power converters. Table 9 summarizes
the magnet power converters, while Fig. 18 is a panoramic view inside the facility building.

Fig.8: View of SLS—(Crédi\t: PSI)

Table 9: SLS (PSI) power converters

Magnet Tout Vout Long-term Ripple Resolution  Accuracy
[A] [V] stability [ppm] [bit] [ppm]
[ppm]
Dipole SR 500 880 100 15 16 100
Quadruple +  70-140  35-145 100 40-100 16 100
sextupole SR
Bipolar SR +7 +24 100 15 18 1000

3.5.5 SSRL-SPEAR3 (USA, first e-beam 2003)

SPEAR3 operates for users at 3.0 GeV [31]. The storage ring circumference is 234 m and there are
about 250 DC power converters, including the transfer lines. The large power converters adopt both
thyristor or diode bridges and PWM; while the small power converters are PWM [32, 33]. Table 10
summarizes the magnet power converters.

Table 10: SPEAR3 (SSRL) power converters

Magnet Lout Vout Long-term Type
[A] [V] stability
[ppm]

Dipole SR 800 1200 20 12p SCR bridge + PWM
Quadruple SR 100 100-700 100 12p diode bridge + PWM/PWM
Sextupole SR 225 600 100 12p diode bridge + PWM/PWM
Corrector SR +30 +50 PWM

Dipole TL 500 45 100 PWM

Quadruple TL 60 80 100 PWM

3.5.6 Soleil (France, first e-beam 2006)

Soleil operates for users at 2.75 GeV. The storage ring circumference is 354 m and there are about 350
DC power converters, including the transfer lines. The adopted technologies are 12-pulse bridge with
PWM output stage for dipole and sextupole power converters and PWM for quadrupoles and
correctors [34]. Table 11 summarizes the magnet power converters, while Fig. 19 is a panoramic view
of the facility site.
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Table 11: Soleil power converters

Magnet Tout Vout Long-term Resolution

[A] [V] stability [ppm]
[ppm]

Dipole SR 580 610 10 10

Quadruple + 250-350 14-140 20-50 5-50

sextupole SR

Corrector SR +7—14 +3.5—=+14 20-50 2-30

Dipole TL 250-580 20-80 50-100 60-100

Quadrupole TL 10-275 9-10 50-100 20-60

Corrector TL +1.5-+10 +2.5-+9 100-500 60-100

3.5.7 Diamond (UK, first e-beam 2006)

Diamond Light Source (DLS) operates for users at 3.0 GeV. The storage ring circumference is 560 m
and there are about 1000 DC power converters [35]. The adopted technology is PWM with digital
regulation. Table 12 summarizes the magnet power converters, while Fig. 20 is a panoramic view of
the facility site.

Fig. 20: View of Diamond (Credit: DLS)
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Table 12: Diamond power converters

Magnet Tout Vout Long-term  Ripple Resolution Reproducibility Bandwidth
[A] [V stability [ppm]  [ppm] [ppm] [Hz]
[ppm]
Dipole SR 1500 530 +10 +10 4 10 DC
Quadruple + 100-350 17-41  £10 +10 4 10 DC

sextupole SR
Corrector SR~ +5 +20 4 10 50

3.5.8 ALBA (Spain, first e-beam 2010)

ALBA operates for users at 3.0 GeV. The storage ring circumference is 267 m and there are about 400
power converters (including those for the booster-based injector) [36]. The adopted technology is
PWM with digital regulation. Table 13 summarizes the magnet power converters, while Fig. 21 is an
aerial view of the facility site.

Fig. 21: View of ALBA (Credit: ALBA)

Table 13: ALBA power converters

Magnet Tout Vout Long-term Ripple Resolution

[A] V] stability [ppm]  [ppm]
[ppm]

Dipole SR 600 750 +10 10 5

Quadrupole SR 200-225 15-25 +10 10 5

Sextupole SR 215 100-350 +50 50 15

Corrector SR +12 +60 +20 10 5

Dipole TL 12-180 12-60 +15 15 15

Quadrupole TL  15-170 15-20 +15 15 15

Corrector TL +2-46 +2-+10 +100 100
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3.5.9 PETRA 111 (DESY, Germany, first e-beam 2010)

PETRA started as an electron-positron collider during the 1980s, then it was used as the pre-
accelerator for the high-energy HERA ring. After the closing of the latter, PETRA has been converted
into a light source, with the construction of experimental halls for hosting photon beam lines [37].
With its circumference of 2.3 km, PETRA III is one of the largest storage rings in the world. The
magnet power converters adopt different technologies and topologies (there are White circuits for the
ramped magnets) with a mix of analog and digital regulation.

Figure 22 shows an aerial view of the facility and Table 14 reports the characteristics of the
main magnet power supplies.

Fig. 22: PETRA III aerial view (Credit: DESY)

Table 14: PETRA III power converters

Magnet Tout Vout Ripple Accuracy Resolution Type

[A] VI [Vou rms]  [ppm] [bit]
TL to PETRA 200400  60-120 2-3 100 16
Dipole AC 1004 1330 10 20 White circuit
Dipole DC 520 1560 10 20 White circuit
Quadrupole 650 250 10 20 White circuit
Sextupole 200 85 10 20 White circuit
Dipole PETRA 600 300 3 100 (30) 18 SCR
Quadruple + 200-600  60-120 2-3 100 (10) 20 PWM
sextupole PETRA
Corrector PETRA +5-—+55 +40-+60 2-3 500 (10) 20 PWM

3.5.10 MaxlV (Sweden, under construction in 2014)

At the time of writing, MaxIV is under construction [38]. It is the most advanced circular light source,
adopting innovative solutions, in particular for the magnets. The main storage ring (528 m in
circumference) will operate at 3.0 GeV. A full-energy LINAC is the injector; and an intermediate,
smaller storage ring, operating at 1.5 GeV, will be also part of the facility. Overall, about 1000 magnet
power converters will be installed.

Figure 23 shows the construction of the main ring building while Table 15 reports the
characteristics of the magnet power supplies for the MaxIV 3.0 GeV main ring.
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Fig. 23: MaxIV under construction (Credit: MaxLab)

Table 15: MaxIV main ring power converters

Magnet Tout Vout Long-term Ripple Resolution Accuracy
3 GeV) [A] [Vl stability [ppm] [ppm] [ppm]
[ppm]
Main dipole 450-750 145-210 +10 +10 16 +100
Dipole strip 175 44-80 +1000 +1000 16 +1000
Quadrupole 44-85 9-44 +100 +10.0 16 +1000
Sextupole 66-86 8-20 +100 +100 16 +1000
Octupole 58-217 45-104 +100 +100 16 +1000
Corrector SR +5 +8 +25 +25 18

3.5.11 LCLS (SLAC, USA, first e-beam 2009)

The final 1000 m of the 2.7 km-long SLAC LINAC are the accelerator for the Linac Coherent Light
Source (LCLS), currently (2014), “the world’s most powerful X-ray laser” [39], providing electrons at

13.6 GeV [40].

The magnet power converters parameters for the injector are reported in Table 16 [41].

Figure 24 shows some of the FEL undulators.
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Fig. 24: Undulators at LCLS (Credit: LCLS-SLAC)




Table 16: LCLS power converters

Magnet Tout Vout Long-term Ripple
[A] [V] stability [ppm]
[ppm]
Intermediate PC Upto375  Upto 200 100 rms 100 rms
Corrector +6—+30 +40 400 rms 30 rms

3.5.12 FERMI (Italy, first e-beam 2011)

R. VISINTINI

After the construction and commissioning of the booster-based full injector for the Elettra storage ring
in 2008, the 1 GeV LINAC and its plants have been re-used as part of the FERMI FEL source (360 m
overall length). The construction of FERMI was completed in 2010, without affecting Elettra
operation for external users, notwithstanding the proximity of the two sources, as can be seen in
Fig. 25 (FERMI is the line stretching from the bottom to the top of the image on the left-hand side,
almost tangential to Elettra’s circular building). The energy of the electrons is 1.5 GeV and there are
two undulators lines: FEL-1 to generate light in the vacuum UV (VUYV) region (down to 20 nm), on
the right-hand side in Fig. 27; FEL-2 provide light in the X-ray region between 20 to 4 nm (the
undulators are on the left-hand side in Fig. 26) [42].

Fig. 26: FERMI undulators for FEL-1 (ri

’.
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There are 37 different types of magnets and coils, supplied by 17 different types of DC power
converters (~400 in total). A close collaboration between the magnet and the power converter teams
could optimize the design, allowing the use of two types (in-house design) of power converters for
88% of the magnets. All power converters are of the PWM type and are custom-made and of
commercial manufacture (COTS) and based on an internal design (bipolar £5 A and £20 A). Table 17
reports the characteristics for the magnet power converters [8, 43].

Table 17: FERMI power converters

Magnet Tout Vout Long-term  Ripple Resolution
[A] [V] stability [ppm] [bit]
[ppm]
Dipole 50-750  15-55 500 100 16
Quadrupole 5-100 10-30 25-500 10-100 16
Corrector +5-420 +£10—+20 25-30 10-15 16

3.5.13 SwissFEL (PSI, Switzerland, under construction in 2014)

SwissFEL is the new source under construction (2014) at the Paul Scherrer Institut [44]. It is a free
electron laser operating with electrons with a maximum energy of 5.8 GeV. The overall length is
740 m and there are ~600 magnet power converters. A feedback system involving correctors for the
compensation of slow drifts is planned. Table 18 presents the main characteristics for the power
converters.

Table 18: SwissFEL power converters

Type Tout Vout Ripple (10 Hz-30 kHz)
[A] VI [ppm]

1-Quadrant IGBT 220 40-100 50

4-Quadrant IGBT +150-+200 +40-+1100 3.5-50

4-Quadrant MOSFET +10—=+50 +10-+20 10-100

3.5.14 European XFEL (DESY, Germany, under construction in 2014)

The European XFEL will stretch underground for about 3.4 km, accelerating electrons at 17.5 GeV
(up to 20 GeV) with a superconducting LINAC [45]. The power converter will adopt different
technologies and topologies, with digital regulation (analog for correctors).

Figure 27 shows the position of the European XFEL while Table 19 summarizes the parameters
of the magnet power converter.
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Table 19: European XFEL power converters

Magnet Tout Vout Ripple Accuracy Resolution Type
[A] [Vl [Vout rms] [ppm] [bit]

Main 600-800 200-350 1% fs 100 20 SCR

Chopper 200-600 60-120 1.5-3 100 20 PWM

Small main ~ 5-10 40-60 2-3 100 20 PWM

Corrector +5—£10 +40—+60 2-3 100 20 PWM

3.6 Booster synchrotrons and light sources

In modern ‘circular’ light sources, a gun, usually followed by a LINAC, emits and pre-accelerates the
electrons, and then a ‘booster synchrotron’ increases their energy. There are exceptions, such as
MaxIV [38], but normally a relatively small ring (compared to the main or storage ring) is used to
ramp up the electrons to working energy. The booster usually operate at frequencies of 1-12 Hz. The
current in the magnets—always positive, never changing sign—follows a sinusoidal waveform with a
DC offset. Due to the inductance of the load and the cycling frequency, the power converters have to
operate in two-quadrant mode for the output voltage, up to several kV.

From 1956 to 1998, the basic magnet/power converter structure for generating similar
current/voltage waveforms has been the White circuit [21]. In 1998, at the EP2 Conference at ESRF,
Grenoble, the PSI power converter team presented their design for the dipole power converter for the
Swiss Light Source [46]. This solution adopted a digitally controlled and regulated, 1 MW peak,
PWM power converter operating at 3 Hz, at a comparably ‘low voltage’, i.e. below 1 kV, providing
the required current waveform to the magnets directly, without any resonating circuit. The cycling
frequency is ‘low’—below 5 Hz—but one of the main advantages is the possibility of generating non-
sinusoidal waveforms for better matching the particle optics requirements [47] (the White circuit can
only provide sinusoidal waveforms).

In the sections below I will provide a few examples of the power converters for booster
magnets, before and after 1998, starting with the last installed White circuit in a European light source,
BESSY II at the Helmholtz-Zentrum Berlin (HZB).
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3.6.1 BESSY Il (HZB, Germany, first e-beam 1998)

The structure of a White circuit is shown in Fig. 28, while the parameters for the White circuit power
converters are summarized in Table 20 [48].
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Fig. 28: White circuit schematics

Table 20: BESSY II White circuit power converters

Magnet Tout Vout Long-term Peak values on magnet
[A] [VI] stability circuit at 10 Hz
[ppm]
Dipole AC 778 311
Dipole DC 1375 120 +20 2277 A/3112V
Quadrupole AC 200 184
Quadrupole DC 340 70 +20 492 A/527V

3.6.2 SLS (PSI, Switzerland, first e-beam 2000)

The SLS booster is the first implementation of a direct connection of power converters to the magnets.
This is also the first example of digital control and regulation for the power converters. The working
frequency is 3 Hz, the energy ramping is from 100 MeV to 2.7 GeV and there is one power converter
for the dipoles [46]. Table 21 summarizes the main characteristics for the power converters.

Table 21: SLS booster power converters

Magnet Lout Vout Long-term Ripple
[A] [V] stability [ppm]
[ppm]
Dipole 950 +1000 100 10
Quadrupole 140 +120 100 100

3.6.3 LNLS (Brazil, first e-beam 2001)

The booster for UVX can be used also as a storage ring, at an intermediate energy. The repetition rate
is 1 pulse every 6 s, ramping the energy of the electrons from 120 MeV up to 500 MeV. Table 22
reports the main parameters for the LNLS booster magnet power converter [49].
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Table 22: LNLS booster power converters

Magnet Tout Vout Short-term Ripple
[A] [V] stability [mA]
[ppm]
Dipole 300 420 10 +120
Quadrupole 10 21 10 +10
Sextupole 10 26 10 +10
Corrector +5—+6 +10 10 +1

3.6.4 Soleil (France, first e-beam 2001)

R. VISINTINI

The Soleil booster has a repetition rate of 3 Hz, ramping the energy of the electrons from 100 MeV to
2.75 GeV. Due to the inductance of the magnets, in order to keep the peak voltage of the power
converters below 1 kV, allowing the adoption of low-voltage techniques and rules, two separated
power converters energize the dipole, with an ‘twisted’” connection of the coils, as reported in Fig. 29.
Table 23 reports the main parameters for the magnet power converter of the Soleil booster [34].

Fig. 29: Dipole magnet arrangement in the Soleil booster

Table 23: Soleil booster power converters

Magnet Tout Vout Accuracy Number of
[A] [Vl [ppm]| PCs

Dipole +580 +1000 50 2

Quadrupole +250 +450 50 2

Sextupole +30 +30 50 2

Corrector +1.5 +2.5 50 44

3.6.5 Diamond (UK, first e-beam 2005)

The Diamond booster has a repetition rate of 3 Hz (5 Hz maximum), ramping the energy of the
electrons from 100 MeV to 3 GeV. In this case, the dipole string was not split and there is only one
power converter. Due to the inductance of the dipoles, the peak voltage is 2 kV, forcing the adoption
of mid-voltage techniques and rules. The design of the power converters is modular, with redundancy,
allowing continuity of operation even in the case of a single module failure.
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Table 24 reports the main parameters for the Diamond booster magnet power converters [50].

Table 24: Diamond booster power converters

Magnet Tout Vout Reproducibility Resolution Number of
[A] [Vl [ppm] [ppm] PCs

Dipole 1000  £2000  +£50 +4 1

Quadrupole 200 +421 +50 +4 2

Sextupole 20 +60 2

3.6.6 Elettra (Italy, first e-beam 2007 to 2008)

A 1.0 GeV LINAC was the original injector for the Elettra storage ring. Between 2005 and 2007 a
new full-energy injector was constructed and commissioned, without affecting the operations of the
light sources for users [51]. Since March 2008 the 2.5 GeV booster, fed by a 100 MeV LINAC, is the
full-energy injector for Elettra. Since 2010 Elettra operates in the so-called ‘top-up’ mode, keeping the
current in the storage ring constant [25].

The Elettra booster has a circumference of 114 m, operates at 3 Hz, and, in a similar fashion to
Soleil, there are two dipole magnet power converters, feeding the coils of the magnets separately, as
shown in Fig. 30. An example of the actual current waveforms is given in Fig. 31. Table 25
summarizes the power converter parameters [52].
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Fig. 30: Dipole magnet arrangement for the Elettra booster

(a) (b)
Fig. 31: View of (a) the Elettra booster; (b) output current waveforms in the magnets. In (b) from top to bottom:
quadrupole QD (100 A/division), quadrupole QF (100 A/division), dipoles 1 and 2 (200 A/division).
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Table 25: Elettra booster power converters

Magnet Tout Vout Stability Number of PCs
[A] [Vl [ppm]

Dipole +800 +1000 +5 2

Quadrupole +400 +400 +50 2

Sextupole +20 +35 +50 2

Corrector +20 +50 +50 22

3.6.7  ALBA (Spain, first e-beam 2010)

The booster of ALBA has a repetition rate of 3 Hz, ramping the energy of the electrons from 100 MeV
to 3 GeV. Also in this case, in a fashion similar to Soleil and Elettra, two separated power converters
energize the dipole, with a ‘twisted’ connection of the coils

Table 26 reports the main parameters for the magnet power converter of the ALBA
booster [53].

Table 26: ALBA booster power converters

Magnet Tout Vout Stability Resolution  Reproducibility Number of
[A] [Vl [ppm] [ppm] [ppm] PCs

Dipole +750  +1000 +15 5 +50 2

Quadrupole  +180  +120-=+750 =15 5 +50 4

Sextupole +8 +70 +50 15 +100 2

Corrector +6 +12 +50 15 +100 72

4 Remarks and conclusions

In this paper, I have collected some examples of magnet power converters from quite a vast world of
particle accelerators. It is quite straightforward that there are different requirements among particle
accelerators for different applications. Maximum output current, its stability, its reproducibility, its
accuracy and its dynamics (di/df) are some of the most variable parameters. There are also significant
differences among particle accelerators that have the same applications, according to the accelerator’s
type and age.

New technologies, both in the power converter field (components, low-level/local control) and
in the feedback and remote control systems at a higher level, are also sources of change. In particular,
new technologies allow extremely effective actions on the particle beam, like beam-based alignment
(BBA) techniques for both circular (‘multi-turn’) machine and linear (‘single-pass’) ones®. The
implementation of feedback systems—either on the ‘orbit’ or on the ‘trajectory’—also benefits from
new developments involving particle beam position monitors (BPM), very fast electronics, high
computational power and a combination corrector magnet/power converter for compensating drift or
oscillation of the particle beam with a bandwidth as large as possible.

3 The bibliography on BBA is quite vast: a simple search in the JACoW database [11] returned 64 results for titles containing the words ‘beam-based alignment’
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4.1 Storage ring correctors for light sources

As an example, in Table 27 I have collected the relevant data for the power converters for corrector
magnets of the storage rings of eight synchrotron light sources. Two critical aspects of the corrector
power converter assure smooth behaviour near 0 A: the so-called ‘zero crossing’ (0 A is a normal
working point) and bandwidth. Bipolar, linear solutions can fulfil these requirements; the main
drawback is poor efficiency. Such power supplies are still in use, at least at Elettra, and have been
integrated into local and global ‘fast feedback’ system for stabilizing the particle beam (see, for
example, Refs. [54, 55]).

A clear step was evident after 2000 with the adoption of PWM techniques for correctors,
introducing digital regulation and a higher resolution. The output current is smaller, compared to the
previous cases, because of an optimized design of the system magnet/power converter for the purpose
and the characteristics of the accelerator (e.g. smaller transverse beam size, allowing a smaller gap in
the magnet).

Table 27: Storage ring corrector power converters

Facility (first Beam Tout Vout Long-term Ripple Resolution Type

year of energy [A] [V] stability [ppm] [bit]

operation) [GeV] [ppm]

Elettra (1993) 2.4 +16 +80 +500 +50 16 Bipolar
linear

APS (1995) 7 +150 +20 +30 +1000 13

LNLS (1997) 1.37 +10 +10 +1000 +100 16 Bipolar
linear

SLS (2000) 2.4 +7 +24 100 15 18 PWM

Soleil (2006) 2.75 +7—+14  £3.5-+14  20-50 16-18 PWM

DLS (2006) 3 +5 +20 18 PWM

ALBA (2010) 3 +12 +60 +20 10 18 PWM

Max IV (...) 3 +5 +8 +25 +25 18 PWM
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Abstract

This paper presents the latest trends in the powering of particle accelerators.
A series of solutions is proposed for responding to the challenges of high
performance machines. This paper covers the domains of magnetic field
uncertainty, power converter control, and energy saving. This list is not
exhaustive, but it does correspond to the latest innovations in the field of
powering particle accelerators.

Keywords
Magnet Power supply; power electronics; power converter control.

1 Introduction

Particle accelerators are very challenging machines in terms of powering. Many solutions had to be
found to operate these machines at the required level of performance. Thanks to the experience
accumulated, synchrotron performance is well above that of the first designs of the 1950s. For
example, the PS machine, built in 1957 at CERN, was designed for an intensity per pulse of 10"
protons and, after 50 years and with many upgrades, in 2013 reached 3 x 10" protons [1]. Power
performance acts directly on the global performance of the synchrotron. The stability and
reproducibility of the power converters are crucial for beam performance; this explains why particle
accelerators need high-precision power converters. This paper will underline some important
parameters regarding machine performance and describes the associated solutions put into place.

2 Magnetic field uncertainty

Magnetic field uncertainty generates many difficulties when operating a machine, especially when the
machine is working with different beam energies. The magnetic field is very difficult to measure at an
order of magnitude of 10~*, which unfortunately is mandatory for the control of particle accelerators.
The classical way to control the magnetic field is to measure the DC current delivered by power
converters. Based on these measurements, the operators can determine the beam energy. In most
synchrotrons, all of the magnets (dipole, quadrupole, sextupole, and correctors) are current controlled,
and the beam energy is controlled by the dipole magnet current. The stability of the magnet current
and its reproducibility are very important for beam control and stability. For example, a machine can
suffer from tune spread due to current ripple in the quadrupole magnets. Magnetic modelling is also a
key technique to improving predictions, see Fig. 1.

2.1 Circuit layout

The first solution to ease the operation of synchrotrons is to connect in series all of the magnets by
family (dipole, quadrupole, or sextupole). Thank to this layout, the magnetic field is expected to be
identical for all of the magnets of any one family, which suppresses the uncertainty of the magnetic
field, depending upon their position inside the machine. The impedance of the circuits is also more
inductive, which helps to reduce the current ripple. However, in some cases this layout isn’t possible
due to the size of the machine (as for the LHC) or due to the rigidity introduced in the beam optics (as
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for light sources). In these cases the quality of current measurement and current control has to be even
better, to obtain the required performance for the machine [2].
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Fig. 1: (a) Magnetic field in a dipole magnet; (b) and cross-section through a LHC dipole

2.2 Degauss and pre-cycle

All magnets need a proper pre-cycling to have reproducible behaviour, i.e. to provide the same field at
the same level of current. Depending on the type of magnet, the type of pre-cycle stems from different
physical phenomena, and reproducibility can be obtained through different pre-cycle strategies [3].
For a predicable magnetic field value, it is imperative to follow a specific path on the magnetization
curves so that any cycle will arrive at a predictable and repeatable value despite the hysteresis in flux
changes. Figure 2 explains how the magnets can be driven to always operate on a known
magnetization curve. The idea is to use the magnetization curve from a stable point; and the only
stable point is when the magnet is saturated. All degauss cycles need to go to the maximum current to
start the prediction from a constant point.
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may not increase any <§( E g
further @ =
2
B &
F i
: A c G
: > ; >
<“— >
@ N Without reset With reset t
(a) (b)

Fig. 2: (a) The magnetic flux intensity versus magnetic flux density in a typical magnet; (b) evolving as the
magnet current is varied following a typical waveform. Operation without the reset cycle is in blue. The desired
‘predictable’ operation around a minor B-H loop is in black.
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Different types of pre-cycles can be executed. For magnets that always operate at the same
beam energy, the classical five pre-cycles can be executed, see Fig. 3. This is the case for beam
transfer lines with fixed energy and the LHC warm magnets.
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Fig. 3: Pre-cycles for LHC warm magnets

Current (A)

When, a transfer line is used at different beam energies, pre-cycles can’t always be executed
between changes due to time limitations. The degauss is then much more complex and needs advanced
techniques. The solution implemented at CERN is to power the magnet at the maximum current for
some cycles and then ramp down the current to the nominal value of the beam energy, see Fig. 4.

beam beam beam

#

time

Period n-1 Period n Period n+1

Fig. 4: Degauss technique for transfer lines with different beam energies

When the power converters are bipolar in current, the pre-cycle can be done by using an
oscillation current shape that allows resetting to zero the magnetic field, see Fig. 5. This is important
for corrector magnets for which control is based on the beam position measurement. This kind of pre-
cycle is also used for large experimental magnets.

The physical phenomena are even more complex for superconducting magnets. The classical
magnetic hysteresis is also present in this case but, in addition, two other phenomena play an
important role in magnetic field control. These phenomena are the decay amplitude and snapback, and
they are due to the properties of superconducting cables. In this case, a special pre-cycle has to be
defined for the LHC main dipoles, see Fig. 6 [4]. In the case of superconducting magnets, pre-cycle is
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mandatory but is not sufficient to obtain a good control of the magnetic field. The decay and snapback
phenomena are so special that a complex model of the magnetic field needs to be built to obtain a
good level of prediction [5].
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Fig. 5: Degauss cycle for corrector magnets
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Fig. 6: LHC pre-cycle of main dipole magnets

2.3 Magnetic field model

LHC operation requires a prediction of the currents for the magnet circuits. These settings are based
on a parametric model whose coefficients are obtained from a synthesis of the information available
from magnetic field measurements (both room temperature and 1.9 K or 4.2 K). This set of equations,
together with the coefficients estimated from measurements, are integrated in a tool at CERN called
the Field Description for the LHC (or FiDeL). The aim is to provide the integral transfer function
(integral magnetic field versus current) in a form suitable for inversion (current versus integral
magnetic field) for each circuit in the LHC [6]. In addition, for the main ring magnets FiDeL provides
a prediction of the field errors to be used to set the corrector circuits. FiDeL is implemented in the
LHC control system to steer the beam, see Fig. 7. A lot of measurement needs to be done to set up
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such a tool, but this type of tool is mandatory for the operation of complex and large particle
accelerators.
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Fig. 7: LHC control architecture including FiDeL

The modelling of warm magnets with the same quality of prediction is ongoing at CERN, and it
will help the setting up of smaller machines [7].

2.4 Magnetic field control

Most of the particle accelerators are current controlled. This is due to the difficulty of measuring in
real time the magnetic field of the magnet with the correct level of accuracy. However, since the 1970s
this idea has been considered and an additional reference magnet has been added in series with the
dipole outside the machine for magnetic transducer instrumentation. This has been the case at CERN
for the PS, PSB, and SPS machines. Magnetic field monitoring measurements were made to help with
diagnostics during operation.

The PS B-train system is based upon a set of search coils that allow the measurement of the
instantaneous field from the coil output voltage. The initial value is provided by a field marker that
outputs a trigger pulse when the field reaches a preset level during the pre-injection ramp, thus
signalling the start of the integration, see Fig. 8 [8]. In 2008 and for the first time, the PS accelerator
was controlled in magnetic field. The magnetic field measurement was connected to the control of the
main magnet power system and the regulation was done using this measurement, see Fig. 9 [9]. The
global performances are above the expectations due to the improvement of the reproducibility of the
machine, which is multi-beam energy.

449



J-P. BURNET

b B ® marker 2 (optional)
B flat fop

coil measurement

B=-V_,/. Amﬂ\

B Sflar bottom =

7 7 fime
preset Bft;)

i S,
U'P-tl'ain_I -
powN train | I T ,
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2.5 Orbit feedback system

In some machines, the stability of the beam is critical. It is true for synchrotron light sources such as
the LHC, where the presence of two beams, both of high intensity as well as high particle energies,
requires excellent control of particle losses inside a superconducting environment, provided by the
LHC cleaning and machine protection system [10]. The performance and function of these systems
depends critically on the stability of the beam and may eventually limit LHC performance.
Environmental and accelerator-inherent sources, as well as the failure of magnets and their power
converters, may perturb and reduce beam stability and may consequently lead to an increase in particle
losses inside the cryogenic mass. In order to counteract these disturbances, control of the key beam
parameters — orbit, tune, energy, coupling, and chromaticity — are an integral part of LHC operation.
Since manual correction of these parameters may reach its limit with respect to the required precision
and expected timescales, the LHC is the first proton collider that requires feedback control systems for
safe and reliable machine operation. The sources of orbit and energy perturbations can be grouped into
environmental sources, machine-inherent sources, and machine element failures. The slowest
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perturbation due to ground motion, tides, and temperature fluctuations in the tunnel can reach 200 pm
within 10 hours. These orbit perturbations exceed the required beam stability by one order of
magnitude. The LHC cleaning system, imposing one of the tightest constraints on beam stability,
requires a beam stability in the range of about 15—25 um at the location of the collimator jaws. The
solution implemented for the LHC is an automated orbit feedback system. It is based on the readings
from 1056 beam position monitors (BPMs) that are distributed over the machine; a central global
feedback controller calculates new deflection strengths for the more than 1060 orbit corrector magnets
(CODs) that correct the orbit and momentum around their references, see Fig. 10. In the LHC the orbit
feedback system acts mainly at a low frequency (below 50 Hz), see Fig. 11.
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Fig. 10: Principle of the LHC orbit feedback system
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Fig. 11: Open-loop bandwidth of the £60A converter powering the LHC COD magnets. The maximum
sinusoidal current amplitude is plotted as a function of bandwidth. The corresponding maximum orbit excursion
prediction in the arc driven by the MCB magnet at f# = 180 m is given on the right-hand scale.

3 Power converter control

The control of particle accelerator power converters is one of the most challenging parts and requires
special technology. Firstly, it requires high-precision control well above the industrial standard;
secondly, all of the power converters for one machine need to be perfectly synchronized (typically
with a maximum of 100 ps jitter). However, no standard controls are available on the market to
control power converters. For slow applications, many bus protocols may be used (RS422, Ethernet,
etc.). For applications that require synchronization, different options could be selected but,
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unfortunately, no industrial standard control fulfils the requirement of particle accelerators. CERN
developed its own controller, called a function generator and controller (FGC), which is a dedicated
controller embedded in every power converter [11]. This controller is responsible for function
generation (current versus time), current regulation, and power converter state monitoring and control.
All of the FGCs are connected to a gateway through a fieldbus, which can be WORLDFIP or Ethernet
for the latest generation of FGC. This is needed to link the IP technical network of the machine with
the fieldbus segments. Each gateway includes a timing receiver interface, connected to the general
machine timing network. This provides the gateways with accurate date/time and millisecond-level
machine events. It also generates precise timing pulses to synchronize the WorldFIP interface or to
send synchronization timing to the embedded electronics. Each gateway drives a single segment with a
maximum of 64 FGCs, see Fig. 12.
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Fig. 12: Power converter control architecture at CERN

A key task for each FGC is current regulation. The power part is controlled as a voltage source
and the current regulation is done by the FGC. For the LHC, many circuits have very large time
constants (many hours) and yet require a very high accuracy, and this can only be achieved with
digital regulation. This was the main reason to include a second processor in the design. It operates as
a coprocessor for the main microcontroller, performing the real-time tasks of function generation,
digital filtering, and current regulation. Thanks to this standardized embedded controller, the software
running in all FGCs is the same; only the parameters of the circuits need to be set. The current control
algorithm is based on a RST controller, see Fig. 13 [12].
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4 Control of nested circuits

The control of nested circuits can be challenging. It is particularly true when a change in the current
from one power converter generates a perturbation seen by another. In this case, the two power
converters are coupled by the load and a special control system has to be designed to stabilize the
system. This is the case for the LHC inner triplet magnets, which need three power converters to
power four magnets. The control strategy that has been developed is based on a decoupling loop by
state feedback control and with three outer independent RST digital current loops, see Fig. 14 [13].
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Fig. 14: Control strategy for nested circuits

Thank to this control strategy, each power converters can be controlled independently without
affecting the stability of the others. The current stability of each power converter stays in the same
range as for a single circuit. This decoupling technique eases the operation of nested circuits and it
suppresses the need forexpertise while operating such a system.

5 Energy saving

Energy consumption is a major concern when operating particle accelerators. Magnets are the main
consumer and they must be designed to limit their running costs. At the level of power converters, the
efficiency is the main criteria to measure the performance of energy conversion. At the level of the
machine, the method of powering the magnets has a huge impact on energy consumption. CERN has
developed a new concept to save energy, which is described below.

5.1 Pulsing magnets

One of the easiest ways to save energy is to power magnets only when the beam is present inside. This
isn’t always the case as the easiest way to power a magnet is to keep the current constant all of the
time. Moreover, a magnet with a solid yoke can only be powered with a constant current. This solution
was widespread as this type of magnet is cheaper than those that are laminated. A classic sight in old
facilities are magnets with solid yokes for experimental areas or transfer lines. In these cases, the
energy consumption is very high when compared to the real requirement. Energy saving can be
evaluated using the ratio of the period of the beam to the repetition time of the beam, see Fig. 15.

A study was done at CERN with the EAST area, where it was demonstrated that electricity
consumption could be reduced by 95% by pulsing the magnets [14]. In this case, the beam flat top
duration is up to 500 ms and the repetition rate is a few cycles per minute. The power converter types
are classical AC/DC converters with enough DC voltage to ramp up the current before the beam’s
arrival. The return of energy also has to be considered carefully, depending upon the power converter
technology.
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Fig. 15: DC operation and pulsed operation

5.2 Fast pulsed converters

In the case of linacs, the beam presence in the magnets is in the order of a few milliseconds with a
repetition frequency of a few hertz. For example, the beam pulse length is 1.2 ms for Linac4 at CERN
with a repetition time of 1.2 s. The beam presence duty cycle is then less than 1%, which leads to an
over-consumption if the magnets are powered in DC. A new type of converter was developed at
CERN to provide fast trapezoidal current pulses using a high-power insulated-gate bipolar transistor
(IGBT) module in its resistive region to regulate the magnet current, see Fig. 16 [15]. Thanks to the
pulsed operation, the power converters can be much smaller, and the electricity consumption and
cooling capacity requirements are reduced drastically.
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Fig. 16: Fast pulsed converter topology

5.3 Energy management

Particle accelerators are often characterized by a strong and modulated power demand, which is
sometimes incompatible with the power available from the grid. Therefore, large facilities for short-
term energy storage have been used, traditionally based on rotating machines. A new concept was
introduced at CERN to reduce the power taken from the grid and to limit it to a strict minimum, see
Fig. 17. The idea is to store locally energy and to exchange it with the magnets during each cycle [16].
Only the magnets’ losses are taken from the grid. Peak power is provided from local energy storage.
As particle accelerators are doing thousands of cycles per year, the only possible solution to store
energy is within capacitors. Only capacitors can execute millions of charge cycles [17]. The latest
optimization was to reduce the power taken from the grid to below the maximum dissipated power in
the magnets by anticipating the power demand in each cycle, see Fig. 18.
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magenta is the power taken from the grid.

This new concept was introduced at CERN with the power system of the PS accelerator
(POPS). It has been in operation since 2011, and has demonstrated its feasibility. However, the stress
on the capacitors that are used for energy storage needs to be considered carefully. The discharge
cycles, even without any reverse voltage, can degrade the film metallization due to partial discharges.
These phenomena need to be taken into account when sizing the capacitor banks [18].
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6 Summary

This paper presents the latest trends for particle accelerator powering regarding magnetic field
uncertainty, power converter control, and energy-saving. These parameters need to be taken into
account at the very beginning of any project as they have a major impact on the cost and performance
of a machine. They require a system-level approach before the design of power converters, and this
can lead to new power converter concepts, like that presented in this paper for saving energy.
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