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LOW ENERGY BOOSTER RESONANT POWER SUPPLY SYSTEM
Cezary Jach 02/15/90

INTRODUCTION

During the particle-acceleration period, the magnet guide-field intensity along the
equilibriumorbit must rise from a minimum field corresponding to injectionenergyto the
peak field at which the protons attain their maximum energy. The field must then be
reducedto its nñthmum value and the cycle repeated. This operation is achieved by
excitation of the guide-field magnetswith a 10 Hz sinusoidalwaveform,which is biasedby
superimposing a dc componenton the ac componentexcitation, giving a field variation of
the form:

b t Bdc - 8ac 2x ft 1

where f is the magnet excitation frequency nominally 10 Hz. Aside from saturation
effects in the magnetsandchokes,btmay be consideredas a linearfunction of the magnet
current design of network magneticelementsshould not allow morethan 1% saturation,
i.e., peak field should not exceed1.251’. With this assumption,the magnetpower supply
generatesa current of the form Fig. 1

m t = Tdc - Tac sin 2itft
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Fig. 1: Magnet Current Waveform
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RESONANT MAGNET NETWORK

To ensureaccurate trackingbetweendipoles andquadrupoles during the accelerationcycle,
the magnet lengths and coil configurations are chosen so they can be driven from a
common current supply. The coils have relatively few turns, to keep the magnetinduced
voltage within manageablebounds. The biased excitation requirements are detailed in
Table 1.

Table 1. Power Supply System Parameters

Number of dipoles 84
Numberof quadrupoles 108
Total winding resistance @40°C 0.39012
Total bus work resistance@40°C 0.170 Cl

Total chokedc resistance@40°C 0.09412

Maximum field at equilibrium orbit 1.23 T

Maximum field gradient 16.5TIm

Dipole turns/pole 8

Quadrupoleturns/pole 3
Dipole inductanceat peakfield 3.07 mH

Quadrupoleinductanceat peakfield 0.26 niH

Magnet current, peak 3745A

Magnetcurrent, ruts 2294 A

Magnetcurrent,dc component 1872.5A
Magnet current,ac component, peak 1872.5A
Total peakmagnet storedenergy 2.0 MJ

The designof the magnet-network configuration is influenced by two factors:

- the needto avoid drawinga large reactivepower from the magnetac excitation
excitationsource,

- the maintenanceofequalcurrentsandhencea uniformfield intensity in all
dipole andquadrupole magnets.

The magnetreactivepower of some63 MVAR can be excluded from the excitation source
by usingamagnetcircuit which is resonantat the acceleratoroperatingfrequency 10Hz.
This resonantcircuit must be designedto provide a path for the dc bias and quadrupole
magnets.
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f-I
Lch+Lm

- Lch Lm Cch + Cm

Thesebasic requirements are satisfiedby the simple circuit shown in Fig. 2, in which the
magnet inductanceLm forms a resonant circuit with the capacitor Cm and the dc bypass
choke inductance Lch forms a resonant circuit with the capacitor Cch. The resonant
frequency is given by:

3
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Tlp.1I6

Fig. 2: Simple Resonant Magnet Circuit

It is not possible to utilize such a systemfor the direct connectionof 108 quadrupolesand
84 dipoles, sincea simple seriescircuit, preferable for basic magnet current uniformity,
would yield an excessivelyhigh induced voltage for the magnetac componentof:

84 108

Vtmhi+ Vmqj=33.6kV!
1 1

dcbias
‘dc

supply
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DISTRIBUTED RESONANCE CIRCUIT

The dipoles and quadrupoles are connectedas shown in Fig. 3, in twelve seriesgroupsof
7 dipoles and 9 quadrupoles, together with associatedresonantcapacitors. Eachmagnet-
capacitor group is then effectively connectedin parallel with a secondarywinding of the
energystorage choke for dc bypassand a choke resonant capacitor. Every other energy
storagechokesecondarywinding is split into two identical halvesfor the insertionofthe dc
bias power source. This arrangement assuresthat the dc bias power source doesnot see
the 10 Hz component of the current. One half of the energy storage choke secondary
winding andcapacitor form a 10112parallel resonant circuit. Power to makeup for the ac
lossesof the network is fed via primary windings of the energy storagechokes. It canbe
seenfrom Fig. 3 that under symmetrical conditions, the ac voltage of eachmagnet-capacitor
group is zero, i.e.

+ Jicdt=0 4

Resonant cell equivalent Magnet--
7 doles and9 quadrupoles in series

TP.1I7

Fig. 3: Twelve Cell Interconnection of Resonant Magnet Network.

Bias Power Supply

Resonantcell choke

Resonant cell capacitor

Energy Makeup System
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Therefore, ac voltage is not cumulative,as would be the casefor a simple series connection
of magnets basedon the circuit in Fig. 2, but alternates around the ring, as shown in Fig.
4. Hence, except for the presenceof the dc bias excitation voltage, which adds a low
positive gradient to the distributed ring voltage,the center points of eaöh capacitor,choke
and magnet group are at earthpotential for normaloperation. This situation allows the
bias power supplies to be inserted into the magnet resonant systemat multiple locations.
With six such insertions, the maximumdc component of the voltage is about 205 V.
lowering magnetdc insulation stress. A distributedground system is usedto detectground
faults. All terminals of the biaspower suppliesare tied to a common wire via 50 kQ
resistors. The common wire runsall the way around the ring and is terminatedto ground
via current sensingcircuit. If the avengevoltage to ground of all the powersupplies is
zero, no current will flow from the common wire to ground. If a grounddevelops,the
averagevoltage to ground will not be zero, resulting in ground currentanda trip.

I
2 Vch

A
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Fig. 4: Resonant Magnet Network Ac Voltage Distribution
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Owing to its seriesconnection,the distributed resonancecircuit provides a basic uniformity
in magnet currents. The effect of leakagecapacitancecurrentsto earthcan distort this
equality to a degreethat is significant in terms of guide field. Hence,sincethese leakage
paths are distributed around the network in a generally uniformmanner, it is necessaryto
ensurethat the ac potentials of corresponding pointh in the network attaina similar identity.
This is achievedby closetolerance in the permittedvariations of the energy storagechoke
inductance andresonantcapacitor capacitance.

CIRCUIT ALTERNATING VOLTAGE

The choice of the circuit ac voltage is dependenton the total inductanceof the series
connectedmagnetsin a group.
A goodcompromisebetweeninsulation cost,leakage-current considerations,reliability and
circuit complexity is achievedwith 7 dipoles and9 quadrupolesconnectedin series. This
results in total of 12 resonantcells and total magnet group induced voltagó of 2800V peak.
Maximum operatingvoltage to groundis 1400V - and 990Vrms.

CIRCUIT DIRECT VOLTAGE

The total dc resistanceof the ring at 40°C is 0.6542, therefore an onload dc voltage of
1225v is requiredfor the maximum excitation condition of 1873 A. This is provided by
six 12-pulse SCR type power supplies connectedinto the resonantmagnetnetwork as
shown in Fig. 3.

CIRCUIT WAVEFORMS

During resonant operation, the total network stored energy is constant,except for losses,
and the magnetstored energy is transferred to the choke and back again onceper cycle,
with capacitorsstoring a portion of the peakenergy during the transfer.
The magnetresonantcapacitanceis fixed by the magnetgroup inductance.The ratio of the
choke inductance Lch to the magnet group inductance Lm and hence, the choke resonant
capacitanceCch, canbe selectedto minimizethe chokecapacitor energystoragecost The
systemcosthasa minimum when the choke inductance is about 1.5 times larger than the
magnet group inductance. Sinceunder symmetricalconditions, theinducedvoltagesacross
eachchokesecondarywinding and magnetgroup are identicalin amplitudebut reversedin
phase,andthe dc bias current is commonto both, the resultantchokecurrent is

ichIdc+ Isin2zft 5

and the peakchokestored energyfor fully biasedmagnet current lac = Mc is

Wch4 Lch 1ch2i.5 LmJIm2 Wm 6

The current andvoltagewaveformsof magnets,capacitors andchokesare shown in Fig. 5
and parametersof the resonant network are summarizedin Table 2.
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Table 2. Resonant Network Parameters

Number of Magnet Groups 12
InducedVoltage AcroséEachMagnet Group rms 1980V
AlternatingVoltage to Earth rms 990 V
Inductance PerMagnet Group, Lm 23.8 rnH
Choke Inductance Secondary,Lch 35.7 mH
Choke Current, Peak 3121 A
Choke Induced Voltage/Capacitor Voltage,mis 1980V
Choke StoredEnergy, Peak 173.9 U
CapacitancePer Group standardcapacitor, C 17.74mF
Cx, Cy 14.20mF
C0 10.64mF
PeakCapacitor StoredEnergystandardcapacitor 69.54U
Network ac Power Loss at Maximum Excitation, ac 1.68 MW

7



SSCL-N-700

Fig. 5: Waveforms of Resonant Magnet Network.
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DELAY-LINE MODES

The distributedL and C componentsexhibit resonant modesthat whenexcited,disturb the
uniformity of magnetic field around the accelerator. The particle beam can be either
seriously disturbedor completely lost. In addition to the circuit components, the stray
capacitancesfrom the elementsof the network to earthmust be considered. In general.
these capacitancesaremuch smaller than the resonant capacitor banks, andresonatewith
the circuit inductances at a frequency that is appreciably higher than the network
fundamental frequency 10 Hz. At thesefrequencies, the resonantcapacitorshave a very
low impedance,leavingthe magnet windingsas the only appreciable impedancein the line.
While the capacitance from the magnet coils to earth is distributed, there are also
appreciable amountsof lumped capacitancefrom certain partsof the network to earth,
particularly at the points where magnet, chokeand capacitor are connected,since these
links involve long lengthsof bus bar. Thus, whenconsideringoscillations involving sway
capacitanceto earth, it is possibleto simplify the circuit of Fig. 3 to that shown in Fig. 6.
When somedisturbanceoccurs in one part of the magnetnetwork,voltages are induced
across the sway capacitance,andoscillations betwóen these capacitors and the magnets
result. The oscillating voltages, and associatedcurrentsin the magnets,form delay line
modesof resonance,resulting in standing wavesalong the magnetnetwork. The number
of nodesand the frequency of the oscillations dependon the particularharmonic that is
excitedby the disturbance. Theoretically, an infinite number of harmonicsarepossible,but
in practice it is usually only the mode with the lowest possible frequency fundamental
togetherwith someof the first few harmonics thatare excited. For thecircuit modelshown
in Fig. 6, the magnetcurrent, associatedwith delay line modesof resonance,at any part of
the network is given by:

Where:

xv tin
m cos {--j-} sin nwt 7

L is total inductanceofthe seriesmagnets;
I is the total length of magnet windings;
x is the length from the network earth point to the point under
consideration;
n is the harmonic numberofthe oscillation
w is the angularvelocity of the fundamentalmode;
V is the in standingwave peakvoltage.

Lumped capacitance
from bus to earth

Fig. 6: Simplified Magnet Circuit for Delay-Line Mode Considerations

Distributedcapacitance
from magnet coils to earth
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Thefrequencyof thefundamentalmodeis given by:

8

WhereC is the total capacitancefrom the magnet systemtoearth.
AssumingC=l000nF,L=285mH,then f=300Hz,anditwouldtakeonly6OVof
300 Hz signal for the resultantcuirentto exceed0.01%of thepeakexcitationcurrentLEB
field ripplerequirement.Techniquesfor dampingthese modesare available and will be
appliedasappropriate.

ENERGY MAKEUP SYSTEM PULSER

Under symmetrical resonanceconditions, the high 0-factor magnet network presentsa
purely resistive load to the ac power supply, and has a powerrequirement of 1.68 MW at
the maximum magnet-excitation level. The ac power supply can be one of threebasic
types:

-a rectifier-invertersetwith 10Hz tunedfilter, and continuousexcitation
BESSY,DESY,Germany

-a PulseWidth Modulator with GTO Gate Turn Off Thyiistors,and continuous
excitationESRF,France

-a pulse-powersupply in which power to makeup the at. lossis supplied
to the resonantmagnetnetwork in the form of an impulse,via the choke-primary
windings NINA, England, CEA and SSRL, USA.

The pulse power supply is favored becauseof its operational simplicity andreliable
performancerecord.

PULSER

The major componentsof the pulserareshownin Fig. 7. It is comprisedof an energy
storagecapacitorand associatedchargingcircuit, anda pulsedischargecircuit triggered
from theresonantmagnetnetwork. The phase-controlled3-phasepowersupply charges
theenergystoragecapacitorCF via thefilter chokeLF to twice theenergystoragechoke
secondarypeakvoltage V’ch referred to primary. The thyristor is then triggeredto
dischargeCF via thepulsechoke Lp and theenergystoragechokeprimary,so that the
resultinghalfcycle currentpulse1p occursapproximatelysymmetricallyaroundthepositive
peakof thechoke voltageVch. The cycle repeatsitself with 10 Hz frequency. It can be
seenfrom theanalysisof thepulsercircuit that its waveforms aredependenton thevalues
chosen for the frequenciesfp andfF of the pulse and chargingcircuits. The most
important considerationsin thischoiceare:

- minimumintroduceddisturbanceto themagnetnetworkduringnormal
operation

- acceptabletransient-faultlevels

- economiccircuit-componentratings
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- limited fluctuations in mains-supplyinput power.

On this basis, the selectedvalues arefF = 2.5 Hz and fp = 30 Hz. Basedon an analysis
and givenvaluesfor the frequencies,the coefficientsof peak, minimum andrms currents
can be calculatedin termsof the avengechargingcurrentip av:

IF max = 1.108 iF av ip max = 9.026iF av
iFmin0.8l6iFav iPav = IFav
‘F rms = 1.004iF av ip rms = 2.678iF av

Where iF av
=

andac is the ac power loss of theresonantmagnetnetwork. The

pulserparametersbasedon an energystoragechoketurns ratio of 1:2 areshown
in Table 3.

Table 3. Pulser Parameters

Dc input
OnLoadvoltage,Vs 1400 V
Power,ac 1680 kW
Current,avenge 1200 A

Filter circuit
Frequency,fF 2.5 Hz
Inductance,LF 111 mH
Current,rms 1200 A
Current,minimum 980 A

Energystonecapacitor
Capacitance,CF 36.52mF
Peakvoltage 2800 V
Peakstoredenergy 143 Id

Pulsecircuit
Frequency,fp 30 Hz
Inductance,L 0.77 mH
Current,peak 10.8kA
Current,rms 3.2kA
Current,average 1.2 kA

Thvristorswitch
Conductionperiod 16.6 ins
Duty cycle 16.6%
Peakforwardvoltage 2800V
Peakinversevoltage -1400V
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MAGNET FIELD CONTROL

Since saturation can be neglectedand linearoperation is assumed,the quantitiesBac and
Bdc can be controlled by controlling ‘ac and1dc* The accomponentof magnetcurrentis
controlled by the pulsepower supply feedback systemand consistsof two principalclosed
loop systems:

-A magnetac control loop of slow response,in which a referenceis
comparedwith themeasuredamplitudeof oscillationfle amplitudeerror
is characterizedby measuringthe elapsedtime betweendownwardandupward
crossingsof a field level just abovethe injection-time value of the field. These
crossingsare detectedusingbiaspeakingstripsor other techniquessuch as NMR
probes.Theresultanterror signaldrivesthe SCR controlcircuits ofthe charging
power supply.

-A thyristorfiring control loop of slow responsein which the phaseposition
of the pulser dischargecurrentis comparedwith the firing phasereference.

The dc componentof the magnetcurrentis controlledby the dc biaspowersupply
feedbackloop of slow responsein which an adjustablereferenceis comparedwith a signal
proportionalto the magnetdirectcurrent The resultanterror signaldrivesthe 5CRcontrol
circuit of the biaspowersupplies.

ADJUSTMENT OF ACCELERATOR FREQUENCY

During normaloperation,theresonantmagnetnetworkis excitedat 10 Hz. If thepulseis
adjustedto occureither in advanceor retardof theoptimumphasepositionsymmetrically
about the resonantcapacitorcurrent zero a correspondingincreaseor decreasein
acceleratorfrequencyis obtained. In this way, themagnetexcitation frequencycan be
adjusted by +1- 0.1 Hz. Further frequencyswing would resultin excessivepulsecurrent.

TUNING OF MAGNET RESONANT NETWORK

In order to reduce ac losses,the magnet resonant network is tuned to its resonant
frequency. This is doneby meansof a trimming sectionof the resonantcapacitorbank.
Changein capacitancedue to temperaturecoefficientor agingin the particularbankcan be
detectedby measuringthe primary currentof the bank’senergy storagechokewhich the
bank is connectedto. A change of capacitanceof 1% of its nominal value, resultsin a
changeof a factor of two in the choke’s primary currentamplitude,which can be easily
noticed.
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Fig. 7: Energy Make-up System Pulser and its Waveforms
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