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LEB RING MAGNET POWER SUPPLY SYSTEM

VOLTAGE AND CURRENT REGULATION DESIGN

EugenioJ. Tacconi

TheSupreconductingSuperCollider complexincludesacascadeof accelerators.
Among them,theLow EnergyBoosterLEB is a0.54km circumferencesynchrotron
in which protonsareacceleratedfrom 1.2 GeV/c to 12 Gev/c [1].

TheLEB powersystemhasto operatein eitheroftwo modes,10 Hz biasedsine
waveanda linearrampmode.The maximumandminimum currentflowing through
themagnetshasto beregulated,in both operationalmodes,within 100 ppm of the
actualcurrent.The LEB magnetsystemconsistsof 48 dipolesand90 quadrupoles
connectedin seriescircuit.

For 10 Hz biased sine wave operation, dipoles and quadrupolesmagnets
resonatewith 12 distributed capacitors[1J[2]. The capacitorsare bypassedby a
40 mHy choke to providea path for the d-c componentof themagnetcurrent.The
systemis shownschematicallyin figure 1.1.
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Fig. 1.1. LEB Ring MagnetPowerSystem

I. INTRODUCTION
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Three12-pulse5CRphase-controlledpowersuppliesareinsertedinto thering
to produceboth currentwaveforms.The knife switchesare closedfor linear ramp
modeand openedfor 10 Hz biasedsine wave.

Theregulationsystemconsistsof two majorloops; aninternal onecontrolling
theoutput voltageof eachpowersupplyandan externalonecontrolling the current
in the magnets.Eachpowersupplyhas its own voltageloop and output filter. The
voltageloop is designedto havea high frequencyresponseandits main function is
to regulate the voltage applied to the magnets.It must follow a predetermined
voltage referencerelated to the current reference,rejecting line voltage changes,
offseterrorsandothervoltageperturbations.The externalloopis themagnetcurrent
regulator. It hasrelatively low frequencyresponseand very high gain in order to
meetthe dc accuracyrequirements.A block diagramof thepower supplyincluding
both mayor loops is shownin figure 1.2.

The samevoltage loop is usedfor both operationmodesbut two different
current regulation loops are needed.Voltage and current loops design for both
operationalmodesaredescribedin sectionII to lv, while sectionV is devotedto the
firing circuit.

Fig.I.2 Block diagramof LEB powersupplyregulationloops
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II. VOLTAGE LOOP DESIGN

11.1. Introduction

The aim of the voltage loop is to provide enough rejection to a-c voltage
perturbationsand to reduce the influence of the subharmonicsof the sampling
frequency720Hz thatcould be generatedby the thyristor bridgeconverter.Due to
bandwidthlimitations, the voltage loop only rejectsvoltage perturbationsup to
120 Hz while the output ifiter rejects the ripple at 720 Hz and other higher
frequenciesperturbations.Outputfilter andvoltageloop havebeendesignedin order
to obtain lessthan 1% total output voltagedeviation:

Total OutputVoltage DeviationBV/Vmax, Max. = 1%

Differentvoltageperturbationsconsidered,filter andvoltageloop attenuationsand
remainingdeviationin powersupplyoutput voltage,areshownin table 11.1

Table 11.1

Filter Voltage Loop Voltage
Attenuation Attenuation Deviation

a-cVoltage
Ampl. Perturb. ±5% 40dB .1%

PhaseImbalance ±1%, 60Hz 20dB .2%

±1%,l2OHz 20dB .2%

±1%,360Hz 20dB .2%

Voltage Ripple
at Cony. Output 25%,720Hz 50dB .1%

Total PSOutput
Voltage Deviation <1%
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11.2. PassiyeOutput Filter

The designedoutput filter, presentinga bandwidth of 100Hz and a band
tramped at 720Hz is shown in figure 11.1 while the correspondingamplitude
frequencyresponseis shownin figure 11.2.
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11.3. Voltage Loop Design

The schematicdiagramof thevoltageloop including output passivefilter and
the magnetic load is shown in figure 11.3. Where V and V representvoltage
referenceandvoltageperturbationsrespectively.

Vp

A first stepto designaregulationloop is to obtainamathematicalexpression
representingtheplantundercontrol. In this caseit is necessaryto deriveamodel for
the firing circuit and 12-pulsepower converter.The availablecontrol is the firing
angle of eachthyristor. Thus, we arein presenceof a switchingsystemwherethe
sampling frequency, depending on a-c supply frequencyand power converter
characteristics,takesa valueoff0 = 720 Hz.
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Fig.11.3 Block diagramof thevoltageloop
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The modelis derivedwith thehelp of figure 11.4 wherehavebeenrepresented
an arbitraryvoltage referencesignal andthed-c terminal voltageof an ideal firing
circuit andpowerconverter.

A simple way for modelingthis nonlinear systemis to use an E, frequency
sampleranda zero orderhold. The output of this model hasbe representedin dot
line in figure 11.4 andits transferfunction is given by

P s= 1-c"li =e_1T12
?TK_e_3Tl2 1

if if

For low frequencies,equation1 canbe approximatedby

Ps.Ie3nl2 2

Thus, in the low frequencyband,the ideal firing circuit andbridge converter
hasunitarygainandlinearphase.This linearphase,takingavalueof-90° at 360Hz,
affectsthe loops stability andlimits themaximumvoltage loop bandwidthat about
200Hz. Output filter andload arenot inside the voltageloop havingnon impacton
loop stability.

A basicvoltagecompensatorhasbeendesignin orderto havean openloop d-c
gain of 100 and a phasemargin frequencyof about 100Hz. The resulting transfer
function for thebasiccompensatoris given by

A
3

1+sty

where A=100 and r=.16. With this basic compensator,d-c gain requirementis
fulfilled andgain andphasemarginshaveadequatevalues.Nevertheless,gain loop
is not enoughin order to reject60Hz and 120Hzperturbations.Thus, thegain loop
hasto be increasedat thesetwo particularfrequenciesmodifying aslessaspossible
stabilitymargins.Thesefeaturescanbeobtainedby addingto thebasiccompensator
two passbandamplifiershavingat least20 dB gain at 60Hz and120Hzrespectively.

The transferfunction of the total compensatoris givenby

.251+1
A - 01 + 02

4
1+st s S S S1+ ÷-r 1+

Qco1 Qcra2 02

whereA=100, ç=.16, Q=40,o =2ic 60, and c02 =2ic 120.
The gain andQ of both passbandamplifiershavebeenchosenin sucha way

that thefirst termin equation4, representingthebasiccompensator,was dominant
at low andhigh frequencybands.

Figure11.5 showsgain andphasefrequencyresponseof the designedvoltage
regulationloop.
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The frequencyresponseof power supply to a-c voltage perturbationsand
voltageripple is shownin figure 11.6.

-4

Figure11.6
Responseof PowerSupplyto a-cvoltageperturbations

H.4. Analog Implementation

±

The voltagecompensatorcan be implementedusingoperationalamplifiersin
a parallel configuration in order to obtain the three terms of the corresponding
transferfunctionequation4. An schematicdiagramofthevoltageloop implemented
by operationalamplifiers is shownin figure 11.7 Drawing AEB-3060005.
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11.5. Resultsanddiscussion

The LEB power supply voltage regulation loop has been simulatedusing
TutsimandSpiceprograms.An explanationaboutthesimulationsrealizedincluding
computerprogramscan befound in appendixesA andB.

The frequencyresponseofthevoltageloop obtainedwith theSpicesimulations
havebeen shownin figures 11.5 and 11.6. From figures 11.5. a andb the stability
marginscanbe determined.The phasemarginis about30° at afrequencyof 140Hz.
As at high frequenciesthephaseis tangentto -180° thegainmargingoesto infinity.
this is dueto the fact that theconverterdelayhasbeensimulatedwith a first order
pole.

The results obtainedin appendixA width Tutsim/Fansimsimulationsare
basically the sameat those obtainedwith Spice simulations.In fact phasemargin
and frequencyare the same.Nevertheless,with Tutsim/Fansimsimulations, the
delay introducedby the power converter is well simulatedand gain margin and
frequencycanbedetermined.The gain marginobtainedat afrequencyof 300Hzhas
a value of about 10 dB. Thesetwo valuesare important; the frequencyof 300Hzis
theabsolutemaximumvoltageloop bandwidthwithin stability conditionsand10 dB
is the amount of gain loop incrementthat would just produceinstability. Thus,
maximumgainloop variationsdueto parameterchangesandnon-linearfiring circuit
behaviorhaveto be carefully checked.
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III - CURRENTLOOPDESIGN,LINEAR RAMP MODE

111.1. Introduction

The schematicdiagramof theLEB ringmagnetpowersystemfor linearramp
operationmodeis shownin Figure 111.1. The threepower supplieshave an output
filter and voltage loop but only one of them has a current regulation loop. The
referencecurrentwave form is providedby thecentralcomputer.Figure111.2 shows
a typical magnetcurrentwaveformunder 1 Hz linear rampmode.

The regulation requirementsof the current are different during different
sectionsof acycle: Injection, Acceleration,ExtractionandInvert. Themostrestrictive
current regulation requirementsoccurs under constant load, either during the
injection or extractionperiod.In theLEB the total magnetcurrentdeviationduring
both injection and extractionperiods has to be less than 100 ppm of the actual
current[3].

Total Deviation81/1, Max. = lOOppm
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Main functionsofthecurrentloop areto regulatethemagnetcurrentfollowing
the reference waveform provided by the central computer, to reject d-c voltage
perturbationsand to reject d-c currentperturbationsdue to changesin the load
resistance.

111.2. GainLoop Requirements

In linearrampoperationmode,knife switchesin figure 111.1.areclosedantthe
equivalentload seenby a single power supply undersymmetricoperationcan be
representedby the simplified circuit of figure 111.3.

Lm Rm

p
.1 Hy .106

V I

Fig. 111.3.Load seenby a singlepower supply

Thetotal magnetinductanceseenby eachpowersupplyis Lam = .1 Hy while the
resistancechangewith frequency, taking a value of Rmdc = .106 2 for d-c and

= .132 2 for a-c operation.
The mathematicalexpressionof the load admittancein Laplace domain is

given by

Ls = AL = 1/Rme = 9.43 5
ISV 1 + SLm/Rm& 1 + .cO.94

The load admittancepresentsa dominantpole at afrequencyof0.17 Hz. For
frequencieshigher than this value the load admittanceis highly dominatedby the
load inductancevalue beingalmostindependentof the resistancevalue. Thus, the
changewith frequencyof the magnetresistancehasnot a significant effect on the
load admittance. From expression5, the load rejection to remaindervoltage
perturbationsat the filter output canbe readily determined.

For d-c frequency,voltage and currentare just related by the d-c magnet
resistance.

= ‘dc R& 6

The regulationcurrent requirementis 100 ppm relative to the d-c actual
currentflowing throughthemagnets.Therefore,themagneticloadonly attenuatea-c
voltageperturbationsandthis attenuationis given by
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Al/I = 1 = 1 7
ISV/V 1 + sLM/RMe 1 + sO.94

D-c currenterror aswell asd-c voltageand currentperturbationshave to be
reducedby increasingthe open-loop d-c gain of the current loop. The d-c error
betweenthereferencecurrentL andthemeasuredmagnetcurrent ‘illag is

= I,#-I,
= 8

I,

whereGj, representsthe total open-loopd-c gain of thecurrentregulationloop.
The currentrequirementof 100ppm,isnot on theabsoluteaccuracybut on the

currentrepeatability.If the maximumrelativevariation of the d-c gain loop hasa
value of 10% andif thed-c errorvariationhasto be within 10 ppm, thed.c loop gain
hasto be at least80 dB.

Table 111.1 showsthat the total magnetcurrentdeviationrequirementcanbe
fulfilled by usinga currentregulationloop with 80 dB d-c gain. A largeamountof
attenuationto a-c voltageperturbationsis providedby theoutput filter andvoltage
regulation loop. The remain requiredattenuationhas to be provided by the load
characteristicsor by thecurrentregulationloop. Voltage perturbationsat the filter
output areusuallyproportionalto thed-c output voltagehavingthe samerelative
value at maximumor minimumloadcurrent.Thevoltageripple at 720 Hz, generated
by the power converter,is an exceptionhaving its maximumvalue when the d-c
output voltageis minimum.

14



Table 111.1

AV/V or aT/i Load CurrentLoop Current
Attenuation Attenuation Deviation

Max.Cur. Min.Cur. Extrac. Injec.

Voltage
Perturbations

d-c 0.1% 0.1% 80dB clppm clppm

60Hz 0.2% 0.2% 51dB Gppm Gppm

120Hz 0.2% 0.2% 57dB 3ppm 3ppm

360Hz 0.2% 0.2% 67dB lppm lppm

720Hz 0.1% 1.5% 73dB .clppm 4ppm

Load Changes ±5% ±5% 80dB l0ppm l0ppm

DCCT Errors 2ppm 20ppm ---- ---- 2ppm 20ppm

d-c Offset 2ppm 20ppm ---- ---- 2ppm 2oppm

d-c currenterror AG/G=10% ---- 80dB loppm l0ppm

Total PSOutput
CurrentDeviation .clooppm .cl0Oppm
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111.3. Current Loop Design

The currentloop hasto haveenoughd-c gain 80 dB for satisfyingtolerance
requirementsand a bandwidth frequencyresponselarge enough to follow the
referencecurrentwaveformwith small error.

The schematicdiagramof thecurrentloop is shownin figure 111.3where,Ls
representsthe magnetic load, Ts the voltage regulationloop, Fis the output
passivefilter andIas thecascadecurrentcompensator.In accordancewith table111.1
Vp representsremaindervoltageperturbationsat the filter outputand Ip magnet
currentperturbations.

Vp ‘p

Figure111.3 Linear RampMode
Schematicdiagramof thecurrentloop

For currentcompensatordesignpurposes,the output passivefilter can be
roughly modelledby a secondorderpole at 100 Hz andthe closedloop voltageby a
single pole at 140Hz.

1
F1s -

s 9
1 + 2e- + -

an

where=0.5 ando-630 correspondingto a frequencyof 100 Hz.

1
Ts 10S1+-

900

From Spice simulationsappendixB it seemsthat a second order pole is
requiredto model thevoltageloop. This is sobecausein Spicesimulationsthepower
converter’sdelay hasjust be modelledwith a single pole. If anotherdelay model
would havebeenused,asfor instancea first orderPade’sapproximation,theresults

Io
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would perhapsbe different. In ThtsimsimulationsappendixA thepowerconverter
delay is well modelledand high frequencies’attenuationof the feedbackvoltage
regulatoris only 20dB/decsuggestingtheuseof a first ordermodelequation10.

The cascadecurrentloop compensatoris designedfor havinga phasemargin
of at least45° at the highestpossiblefrequencyfor following the referencecurrent
waveformwith minimum error.A lag compensatorstructureis selectedin order to
fulfill simultaneouslystability conditionsand d-c openloop gain.

Using theequationsmodellingthevoltageregulationloop eq. 10, theoutput
filter eq. 9, andthe load eq. 5, andtaking into accountgain and phasemargin
requirements,thecurrentcompensatorcanbedesigned.Its transferfunctionis given
by

I Cs = 1070
1+s 0.94 11

C 1+s 58.5

The d-c gain is high enoughto satisfythe stationarystateerror specification,
thecompensator’szero cancelsthe pole introducedby the load, andthepositionof
thecompensator’spole hasbeendeterminedby stability conditions.

The compensatordesignhasbeenverified by computersimulations.It have
beensimulatedthe magnetload, the reducedorder transferfunctions representing
the output filter and voltage regulation loop equations9-10, and the cascade
compensator.The obtainedopenloop frequencyresponsesof the currentregulation
loop areshownin figure 111.4.

It can be seenin this figure that both stabilitymarginsarepositive. A phase
margin of em-60° is obtainedat a phase-marginfrequencyof 4-30Hz while, gain
marginhasa value of Gm9dB at again-marginfrequencyof f-80Hz.

The feedbackcurrentloop hasbeenalsosimulatedin a morerealisticway by
usingSpiceprogram.TheSpicesimulationof thewholevoltageloop appendixB has
beenincludedinside of thecurrentloop; output filter andload havebeensimulated
by their L-C-R componentsandoperationalamplifiershavebeenusedto implement
the cascadecompensator.

Amplitude andphasefrequencyresponsesof the currentloop obtainedwith
Spicesimulationsareshownin figure 111.5. The effect of passbandifiters at 60 and
120Hz of the voltage cascadecompensatorare visible. The new bandwidth,phase
margin andphase-marginfrequencyarepractically the sameas obtainedwith the
previousfigure.Nevertheless,gainmargin’svalueis smallerpresentingthe feedback
loop a tendencyto oscillateto a frequencyto about80 Hz. This problemcanbe easily
solvedby reducingthephase-marginfrequencybut, the trackingerror duringramp
periodswill increase.
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111.4. TrackingError

From equations5-11 and figures 111.4 or 111.5 it can be seenthat in the
frequencybandofinterestandfor trackingerroranalysis,thetotal openloop transfer
function canbejust approximatedby equation12 which representsa type 1 system.

Gs - .122 12

Thus, theoutput currentpresentsan approximateconstanterrorunderramp
periodsgivenby [1

et - dI/dt - 9650
- 6OAmps 13

170 170

where dlldt representsthe maximum current’s first derivative taking a value of
9.5KA for a typical 1Hz cycle waveform.

The dynamicbehaviorsimulationof the feedbackregulationloop is presented
in figure 111.6 whereit is showna typical 1 Hz currentreferencewaveformandthe
output currentflowing through themagnets.
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Expansionsof figure 111.6,showingthecurrenttransientbehaviorat theramp
beginning and when the top is reached
respectively.The tracking error obtained
predictedby equation13.

are shown in figure 111.6.
from this figure agree with

a and b
the value

LSJ*t -I._ -+- 4-

I-

.7/

a Beginning the ramp
‘t414I11
b Reaching the top

Figure 111.7
Currentwaveformexpansions 0 referencecurrent, U magnetcurrent

111.5. Rejectionto perturbations

The rejectioncharacteristicsof the feedbacksystemhavebeenanalyzedand
thesimulationresultsare shownin figures 111.8 and111.9.
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Fig.III.8. Rejectioncharacteristicsof the currentloop
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In figure 111.8 it is investigatedthe current loop attenuationto remainder
voltage perturbationsafter taking into accountvoltage loop rejection and filter
attenuation.Remaindervoltageperturbationsareinjectedat the filter outputVp in
figure 111.3.It is seenin the figure that the requirementsof table 111.1 arefulfilled.

¶ -4- + 4- -4- -4-

-50k

-186-- -4- + -I- +-

l.Onh IBuith l6&th 1.Bh lOb lOBb 1.6Kb
Frequency

Fig.III.9. Rejectioncharacteristicsof thecurrent
regulationloop to load currentperturbations.

The rejectioncharacteristicsto load currentperturbationsare presentedin
figure 111.9 showing an attenuationof 60dB for extremely low perturbation’s
frequencies.In this way, all the requirementsof table 111.1 are fulfilled and the
currentregulator’sdesignfor linearramp operationmodeis completed.

111.6. Stability improvement

The gain margin obtainedfrom Figure 111.5 is too small and the closedloop
frequencyresponsefigure 11L5.ahasagainhigherthanoneat about80Hzshowing
a system’stendencyto oscillateat this frequency.This problemcanbe easilysolved
by a slightly modification of the compensatordesign. Its new transferfunction is
given by

8.
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Is = 1070 1÷s 0.94 14C 1+s 110

The frequencyresponseof the current loop obtainedby using this cascade
compensator’stransferflmction is shownin figure 111.10.
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Figure 111.10
Gain/frequencyresponseof theCurrentLoop

0 OpenLoop, * ClosedLoop

Comparingfigures 111.10 and III.5.a the improvementin stability becomes
apparently.But, thebandwidthhasbeenreducedanda highertrackingerrorhasto
be expected.In fact, equation12 is transformedinto 15 and, replacingthenewramp
error coefficient in equation13, an almostdoubletrackingerror is obtained.

90 15

The dynamicbehaviorof thefeedbackregulationloop is shownin figure 111.11.
Comparingthis figure with figure 111.6 it can be clearly seenthat the trackingerror
during thelinear rampperiod hasbeenincreased.

T
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The rejectioncharacteristicsofthe feedbacksystemareshownin figuresIlL 12
and 111.13. This figures are different than those obtained in the previous case
presentinga lower pick at80Hz. Nevertheless,all therequirementsof table111.1.are
fully satisfied.

The currentregulationloop of theLEB ring magnetpowersupply,underlinear
ramp mode,hasbeensimulatedusing theprogramSpice. An schematicdiagramof
the SpicesimulationandtheSpiceprogramlisting can be found in appendixC.
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W. CURRENTLOOP DESIGN, SINE WAVE MODE

W.1. Introduction

When theLEB is operatedunder 10 Hz mode, a biasedsine wave currentis
requiredto flow throughthemagnets.FigurePT.1 showsa typical requiredmagnet
currentwaveform.
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0

Figure Wi MagnetCurrentWaveform
10 Hz BiasedSine Wavemode

To avoiddrawingalargereactivepower from thea-c sourceit is necessaryto
usea circuit which is resonantat 10 Hz andin additionprovidesa path for the d-c
bias current [2], [3]. Theserequirementsare satisfiedby the distributed resonant
circuit shown in figure W.2, where the knife switchesare open. The threepower
supplies have an output filter and voltage loop but, consideringthat they are
connectedin seriescircuit, the currentof only one of them is regulatedby a closed
loop.
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W.2. RegulationRequirements

The regulation requirementsof the current are different during different
sectionsofa cycle: Injection,Acceleration,ExtractionandInvert. Themostrestrictive
current regulation requirementsoccurs under constant load, either during the
injection or extractionperiod. In theLEB the total magnetcurrentdeviationduring
both injection and extractionperiods has to be less than 100 ppm of the actual
current[3].

Total DeviationöIfl, Max. = lOOppm

Main ftinctionsof thecurrentloop areto regulatetheminimumandmaximum
magnetcurrentas close as possibleto the referencevaluesprovidedby the central
computer,to reject d-c voltageperturbationsandto rejectd-c currentperturbations
due to changesin resonantcircuits or load parameters.

TableWI showsthat thetotal magnetcurrentdeviationrequirementcan be
fulfilled by using current regulationloops with 80dB d-c gain. A large amountof
attenuationto a-c voltageperturbationsis providedby the output ifiter andvoltage
regulationloop. The remain requiredattenuationhas to be provided by the load
characteristicsor by the currentregulationloop. Voltageperturbationsat the filter
output are usuallyproportionalto the d-c output voltagehavingthe samerelative
valueatmaximumor minimumloadcurrent.The voltageripple at 720Hz, generated
by the power converter,is an exceptionhaving its maximumvalue when the d-c
output voltageis minimum.

The DC CurrentTransduceris thesamefor linearrampandbiasedsinewave
modesandhasbeenspecifiedin section111.3.
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Table W.1

aV/V or Al/I Load CurrentLoop Current
Attenuation Attenuation Deviation

Max.Cur. Min.Cur. Extrac. Injec.

Voltage
Perturbations

d-c 0.1% 0.1% ---- 80dB clppm <lppm

60Hz 0.2% 0.2% 43dB ---- l4ppm l4ppm

120Hz 0.2% 0.2% 49dB ---- 7ppm 7ppm

360Hz 0.2% 0.2% 59dB ---- 2ppm 2ppm

720Hz 0.1% 1.5% 65dB ---- .clppm 9ppm

Load Changes ±5% ±5% ---- 80dB l0ppm lOppm

DCCT Errors 2ppm 2Oppm ---- ---- 2ppm 20ppm

d-c Offset 2ppm 20ppm ---- ---- 2ppm 2oppm

d-c currenterror AGIG=10% ---- 80dB l0ppm l0ppm

Total PS Output
CurrentDeviation cl0Oppm clOOppm
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W.3 CurrentLoop Design

In 10 Hz biasedsinewavemode, thecentralcomputerprovidesthemaximum
andminimum valuesof the 10 Hz sinusoidalcurrentwaveform.The total deviation
on the maximumandminimum valuesof the magnetcurrent, hasto be less than
100 ppm of the actual current. A currentregulationsystemwith a high open-loop
gain at 10 Hz is necessaryfor satisfyingthis regulationrequirement.A conventional
regulator,asusedfor thelinearramp,is not suitablefor this application.In fact, the
requirementsof high open-loopgain at 10 Hz andadequateclosed-loopstability can
not be simultaneouslyfulfilled by usingconventionaltechniques.

The regulation problem has been solved by applying frequencyconversion
techniques.The designedcurrentregulatorpresentsan equivalentopen-loophigh
gainfor 10 Hz sinewavewhile theclosed-loopbandwidthis limited to lessthan 1 Hz.

The biasedsinewave magnetcurrentfig. W.1. can be expressas

1t = ‘ek - Iacth1pt 16

where o=2ic 10 Hz and 1d.,
and lac representd-c and a-c current components

respectively.
The loadbehavioris differentfor d-c and a-c currentcomponents.In order to

obtainsimilar transientresponsesto d-c and a-c currentchanges,two independent
compensatedloops areusedto regulatethe 10 Hz a-ccurrentamplitudeandthed.c
currentvalue.

The schematicdiagramof thecurrentloop is shownin figure W.3, where,Ls
representsthemagneticloadandresonantcells,Ts thevoltageregulationloop,Fs
the outputfilter andGs, Cjs andCdCscascadecurrentcompensators.

I

liii In

Figure W.3. Block diagramof thecurrentloop
10 Hz. BiasedSine Wavemode
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The central computer provides a 10 Hz synchronization signal and the
maximumandminimumvaluesof the10 Hz sinusoidalcurrentwaveformL,1 and
L refX In the regulationsystem, shown in figure W.3, maximum and minimum
values of the output currentI,, and are measuredand comparedwith the
referencevalues.

The maximumandminimumoutputcurrentsmeasurementsareperformedby
using a 10 Hz timing circuit and two sample and hold circuits. Maximum and
minimum errors, processedby the Gs controller, are addedand subtractedfor
driving thed-c controllerandthea-c controllerrespectively.

The 10 Hz sinusoidalgeneratoris synchronizedwith thesignal providedby the
central computer.A multiplier excitedby the a-c controllerregulatesthe 10 Hz a-c
currentamplitudewhile thed-c componentis regulatedby addingthed-c controller’s
output to the 10 Hz sine wave. Both currentloops arestabilizedby usingcascade
compensatorsdesignedin orderto fulfill currentrequirementsandprovideadequate
stability andtransientbehavior.

W.4. Load Analysis

The equivalentload seenby a singlepowersupplyundersymmetricoperation
is representedin figure W.4. Wheretheequivalentacparametersof themagnetsand
resonantcells seen by a single power supply are [21: L=1O0mHy, Rm=132mfl,
L=l6OmHy, R1=240mSTI,Cr=4.125mFand,R,=12mf2.The resistanceof themagnets
andresonantchokesdependson thefrequencyandunderdc operation,theyhavethe
following values:RThd=l06mQ,andRld=l6Omc.

Rm

FigureW.4
Load seenby a single power supply
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The mathematicalexpressionof the load admittancein Laplace domain is
given by

Ys
2.69 1 + sl.04 l0 + 5266 l0 17

/ 1 + sO.7 + 2535 iO + s3 1.77 10

For d-c frequency,voltageandcurrentarerelatedby the total d-c resistance.

= 1ác R,,, + 18

Taking into accountthat voltageperturbationsVp are relative to the d-c
outputvoltageFig. W.3 andTable W.1 the load doesnotattenuated-c voltageor
currentperturbations.Consideringthedc loadresistivevalues,theexpressionof the
load attenuationto voltageperturbationsis given by

Esi/l = 0.72 1 ÷ sl.04 lO + s26.6 I0 19
AvIV 1 + sO.? + p2535 1O + s’ 1.77 10

The load attenuationto remainvoltageperturbationsat the filter outputVp
is shown,in the frequencydomain, in figure W.5. In the high frequencyband,the
resonant chokes are shortcircuited by the resonant capacitors and the load
attenuationcan be approximatedby

Al/i - Rm*+R,& - 2.66 20
SLm s

Therefore,theattenuationobtainedin thehigh frequencybandis 8 dB lessfor
10 Hz sine wavemodethanfor linearramp modeequation7.
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FigurelV.5. Load Rejectioncharacteristicsto voltage
perturbationsinjected at the filter output.

D-c cm-renterror as well asd-c voltageandcurrentperturbationshave
reducedby increasingthe open-loopd-c gain of the current loop. The d-c
betweenthe referencecurrentI andthe measuredmagnetcurrentI,, is

21
‘11Mg

whereGdC representsthe total open-loopd-c gain of thecurrentregulationloop.
Thecurrentrequirementof 100ppm,isnot on theabsoluteaccuracybuton the

currentrepeatability.If the maximumrelativevariationof the d-c gain loop hasa
value of 10% andif thed-c errorvariationhasto be within 10 ppm, thed-c loop gain
has to be at least80 dB.

W.5. Sampler and Hold

Two sampler-and-holdcircuits are usedfor measuringthe maximum and
minimum value of the 10 Hz sine wave magnet current. The transfer function
associatedto these10 Hz frequencysamplerandzero-orderhold is given by [41
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G s
= - = e5Tt2 esTIZ - e_3T12

22
wit sT sT

whereT=0.1 sec.
For low frequencies,equation22 can be approximatedby

Gs - = Cs005 23

Thus, in thelow frequencyband,thesampler-and-holdcircuit canbe modelled
by a linear phase.This phase,taking a value of 9O0 at 5Hz affects the system
stability andlimits thecurrentloop bandwidth.

117.6. d-c Load Behavior

The mean value of the current output is calculated by adding the
measurementsof the maximum and minimum 10 Hz output current. These
measurementsare performedby usinga 10 Hz timing circuit andtwo samplerand
holds. In the low frequencyband,this measurementsystemcanbe modelledby its
averagedelay of 50msecequation23.

The load admittanceequation17 can be alsowritten as

269 1 + S2

Ys
= 24

1+st1 I +

where;=0.7, Q=25,w1=2m 6.2Hz, Q=40 and;=2it 10Hz.
For designingthemean-valuecurrentcontroller,thed-c resistanceofmagnets

and chokeshas to be considered.The correctiondue to resistancechangeswith
frequencycan be performedby multiplying equation24 by the following factor

L+L
1+s

As = R,*w + R, + Rj
= 1.4 1 + sO.7 25

Rm*+R/ L11,÷L 1+sO.98

Rm& +

Notice that theabove factor takesthevalue of 1 for frequencieshigher than
0.23Hz. Thus for theanalysisat the 10 Hz frequencyband,equations17 and24 can
beusedwithout any correction.

For designingthe d.c currentloop, the load admittancecan be approximated
by
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Y,s - 3.76 26
1 + 0.98s

Consideringthecurrent-loopbandwidthlimitation, theclosedloop voltageand
the output passivefilter can be roughly modelledby a unitary gain.Therefore,the
transferfunction betweenthed-c controller’soutputVdc andthemeanvalueof the
magnetcurrentcan be approximatedby

T s
- 27& 1+O.98s

where the sample-and-holddelay equation23 and a gain factor of 2 due to the
additionof maximumandminimum currentmeasurementshavebeenincluded.

W.7. a-cLoad Behavior

The dynamicbehaviorofthepowersupplyandloadis differentfor d-c anda-c
currentcomponents.The first stepto designthe a-c amplituderegulationloop is to
obtain a mathematicalmodel of the systemincluding modulation and detection
processes.The block diagramof figure IV.6 will be usedfor this purpose.The closed
loop voltageregulatorandoutput passivefilter aretransparentfor thelow frequency
bandto be consideredin thecurrentregulationloop analysis.Therefore,they were
not includedin figure W.6.

10

S

Figure 117.6. Block diagramrepresentingthe
modulationand detectionprocess

The signal demodulationhasbeenimplemented,in the abovefigure, with a
synchronousor a linear phasedetector [51. In fact, as the carrier frequencyis
available, this efficient method for amplitude or phasedetection can be readily
implemented.

The amplitudemodulationanddetectionarenonlinearprocessesthat can be
handledby theLaplacetransformusings-planeconvolution[61. The samestructure
employinga multiplier excited by the 10 Hz sine wave is usedin figure W.3 for
implementingboth, modulationanddetectionprocesses.

ync
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Let the carriersignal st be representedby

5t = coswt 28

whereo,=2,t 10Hz.
The Laplacetransformof this carriersignal is given by

5s =

2
2952

+

Let vt be themodulationfunction,with Laplacetransformdenotedby Vjs.
The transformof the productis expressedby the following s-planeconvolution

Us
= j-- fsw V,s-AdA = f 2A2

VA,s-AdA 30

The integral is evaluatedby summingresiduesat poles of 5X, giving the
result

Us
= Vsjco + V,,4,s-jw

31
2

The transformof the output currentis given by

Is = Us Y,s 32

whereY1s representsthe load admittanceequation24.
Now let thismodulatedcurrent-outputsignalbedemodulatedin asynchronous

detector.Convolution in the s plane is usedagain, to obtain the transform of the
product.

Ys = _i_. fSA Is-AdX = _2_. f Is-AdX 332nj 2nj A2+w2

This integral is readily evaluatedby usingresiduesat polesof SO., giving

Ys
= Is+jø + Is-jw

2

andusingequations13 and 14 it is

Y,s+jcii Ys-J
‘ V,,s+j2w+V,s+

‘

" V,s-J2w+Vs 35

A low-passfilter is usually employedat the detectoroutput. Thus, the open
loop transferfunction can be approximatedby
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Ys Y,s+jo + Y,s-jw
Ts =

_____

- 36
Vss

By replacingequation24 in 36 theexpressionof thetransferfunction,between
multiplier input and detectoroutput, is finally obtained

T’s-
5s÷1.162+40.52s+0.7372+1082

‘I

i Co 37
s+ __F_s+ 2+ w 2js+ __L2 + 2c0p2

where t1=0.7, Q=40andco1=2it 10 Hz.
The filter following thesynchronousdetectorwill normallybe alow-passfilter

with cutoff considerablybelow frequency
;.

Therefore,as an approximation,the
transferfunction Ts is

Ts = Ys - 1.95 38
V,s 1+sl.26

Let the signal it be a non-biasedsinusoidwith amplitude I and the same
frequencyandphasethat thecarriersignal st. From equation33, thesignal at the
detectoroutput is readily evaluatedhaving a d-c componentof amplitude1/2.

A timing circuit andtwo sampleandhold circuits areusedin figure IV.3 for
currentmeasurements.Thetiming circuit generatessamplepulsessynchronizedwith
themaximumand minimum of the magnetcurrent. Two sample-and-holdcircuits
measurethe maximum and minimum current respectively.Thus, this measuring
systemworks in a similar wayasa synchronousdetectorbuthasadifferentd-c gain.
In fact, if themagnetcurrentis anon-biasedsinusoidwith amplitudeI andthesame
frequencyandphaseofthecarriersignal st, thedifferencebetweenmaximumand
minimum sample-and-holdoutputs will yield a d-c componentof amplitude 21.
Therefore,theopen-looptransferfunctionTjs betweenmultiplier inputanddetector
output, correspondingto theblock diagramof figure 1V.3, can be approximatedby

T s - 7.8 39
1+1.26s

wherethe gain of theadditioncircuit andthe delay introducedby the sampleand
hold havebeenincludedequation23.

W.8. Interactionbetweenmaximum andminimum current loops

The following step in the regulationdesignis to minimize the interaction
betweenmaximumandminimumcurrentloops.Themaximumandminimummagnet
currentscan be expressedas a function of the inputs of a-c and d-c controllers
Figure 117.3
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I =X T+X.Tdmix iX C mlii
40

= T + X TC

where

T
- C.T,14, +

C 2 41
T

CT-CT
2

Therefore,the loop interactioncan be minimizedby making

C.JCc = CT 42

From equations27 and39, the abovecondition is readily satisfiedby choosing

C= 1.04 1 +s0.98" c = 1 43
1 + sl.26

IV.9. Compensator design

The last stepis to designthe cascadecompensatorGs. A lag compensator
structure has been designedin order to have a bandwidth of 0.5 Hz and fulfill
simultaneouslythe stability conditions and the d-c open loop gain. Its transfer
function is given by

Gs = 1300 1 + 1.26s 44
1 + 3200s

The d-c gain is high enoughto satisfythe stationarystateerror specification,
the compensator’szerocancelsthepole introducedby the load, andthe positionof
the compensator’spole hasbeendeterminedby stability conditionsandbandwidth
requirements.

The resultingtotal openloop transferfunction is the samefor both loops and
can be approximatedby

G s - 1300 1 + 1.26s 7.8 e’°°5 - 10160 45
1+3200s 1+1.26s 1+3200s

The current regulationloop hasbeenverified by computersimulations.The
first simulation step is to analyzed the simplified transfer function design. The
frequencyresponseof the total openloop transferfunction is shownin figure 117.7.
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The closed loop systemis stable.A phasemargin of bme8l° is obtainedat a
phase-marginfrequencyof ç-0.5 Hz while, gain marginhasa value of Gm2O dB at
a gain-marginfrequencyof f-5 Hz.

The closed-loopfrequencyresponseof the current loop by using simplified
transferfunctionanalysisis representedin figure 117.8. Both currentregulationloops
will be decoupledpresentingsimilar dynamicbehaviorwith a bandwidthof about
.5 Hz.

Frequency Hz

Figure W.8. Closed-loopfrequencyresponseof the Mean-value
CurrentLoop by using simplified transferfunction analysis

IV.10. Simulation Results

Thefeedbackcurrentloophasbeenmoreaccuratelysimulatedby usingTutsim
and Spice programs.The time-domain analysishas been performed by adding
rectangularpulsesto maximumandminimum currentreferencesandusingThtsim
andSpiceprograms.Frequencyresponseanalysishasbeenperformedby processing
with Fansimthe time-domaindatageneratedwith Tutsim. A descriptionaboutthe
implementedsimulationprogramscan be found in appendixD.

N
a
g
n
1
t
U
a
e

a
B

0

-10

-20

-39
‘r2

N

I 1111111111111 I I 111111

10 10 101

40



d-c Regulation Loop

The dynamicbehaviorof thed-c currentloop hasbeenanalyzedby addinga
rectangularpulseto bothmaximumandminimumcurrentreferences.The simulated
time responseis shownin figure 117.9.

Y2: 0

Figure 1V.9. Time responseof thed-c mean-valuecurrent1oop
1. Maximum currentreference
2. Outputcurrent
3. Minimum currentreference

The closed-loop frequencyresponseof the d-c current regulation loop, as
estimatedwith Fansim,is shownin figure IV.10. Figures117.8 andP1.10show the
similarity betweenthe resultsobtainedby transforming,using FFT routines, the
simulatedtime responseof the mean-valuecurrent loop and those obtainedwith
transferfunction analysis.

3.0006 Time 8.0060
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d-c Currant Loop - Frequency ReSPOIlSe - a Magnitude

d-c Current Loop - Frequency Response - b Phase

Figure P1.10.Closed-loopfrequencyresponseof the
d-c CurrentRegulationLoop estimatedwith Fansim
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Frequency
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a-c Regulation Loop

Likewise,thea-c amplitudecurrentloop hasbeensimulatedwith Tutsimand
Fansim programs.The time-domain analysishas been performed by adding and
subtractinga rectangularpulse to maximum and minimum current references
respectively.The time responseof thea-c amplitudecurrentloop is shownin figure
P1.11.Frequencyresponseanalysishasbeenperformedby processingwith Fansim
the time-domaindata obtainedwith Tutsim and the resultsare shown in figure
P1.12. This figure is similar to that obtained with simplified transfer function
analysisFigureP1.8,havinga bandwidthfrequencyof about0.5 Hz.

V2 Output Curnnt
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6.0880

5.0006

4.8886
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1.0000

0.0806

-1.8808

-2.0886

-3.0880

Figure P1.11.Time responseof thea-c Amplitude CurrentLoop
1. Maximumcurrentreference
2. Output current
3. Minimum currentreference

3.8000 Tire 8.8886
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a-c Current Loop - Frequency Response - a Magnitude

a-c Current Loop - Frequency Response - b Phase

FigureP1.12.Closed-loopfrequencyresponseof the
a-c CurrentRegulationLoop estimatedwith Fansim
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Interaction betweenmaximum and minimum current loops

The interaction between maximum and minimum current loops has been
analyzed by adding a rectangularpulse to the maximum or minimum current
references.The simulationresultsarepresentedin figure 117.13 showingthat there
is no interactionbetweenmaximumandminimum current loops.

FigureP1.13. InteractionsbetweenMax. andMm. CurrentLoops
1. Maximum currentreference
2. Output current
3. Minimum currentreference

The block diagramof figure 117.3 has been also simulatedwith the Spice
programimplementingwith operationalamplifiersthecascadecompensators.Power
supplyoutputvoltageandmagnetcurrentunderstationarystateoperationareshown
in figure P1.14.

‘12:

3.0666 Time 8.6086
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Figure P1.14.StationaryStateOperation
- OutputVoltage, MagnetCurrent

The transientbehaviorofthemagnetcurrentandoutputvoltageareshownin
figures 117.15 and P1.16respectively.For more detailsaboutSpicesimulations,see
appendixD.
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The analysisand designof the currentregulationloops for biasedsine wave
currentmodeof LEB havebeenpresentedin this section.Thed-c anda-c components
of the magnetcurrent are regulated by independentloops and the interaction
betweenboth loopshasbeenminimized.This featureaswell asthesimilar dynamic
behaviorof d-c anda-c currentloops arecorroboratedby computersimulations.
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V. FIRING CIRCUTTS

V.!. Introduction

In order to control the power deliver to the magnetswith high efficiency,
switching control techniquesmust be used. Considering the amount of power
involved, phase control techniquesand thyristor bridge converters are highly
recommended.Thesenonlinearswitchingsystemsimposedcertainrestrictionson the
frequencyresponsebandwidth.

Twelve-pulsepower bridge converterswill be used in all magnet power
supplies.The twelve-pulseconverteris obtainedby using two 6-pulseconvertersin
seriesor parallel connection.The firing circuit has to fire the 12 thyristors of the
bridgeconverterin sucha waythat themeanvalue of the outputvoltagecan follow
ascloseaspossible,thevoltagereference.For simplicity, only 6-pulseconverterswill
be analyzed.

The output currentwill be usuallyunidirectionalbut the output voltagehas
to havethepossibilityof polarity changes.Thus, two-quadrantbridgeconverterswill
be usedandfreewheeldiodesare not allowed.

The loadis highly inductiveandcontinuouscurrentoperationis supposed.In
theseconditions, neglectingthe overlappedangle, the mean value of the output
voltagewill be relatedwith the firing angleby the following equation7J

v = v
Sin It/rn cosa 46

it/rn

whereV0 representsthemeanvalue of the outputvoltage,V themaximumvalue of
thea-c voltage,m thenumberof phases,anda the thyristor firing angle.

Equation 1 is interestingbecauseit revealsthat even in this ideal case,the
meanoutputvoltage is a nonlinearfunction of the firing angle. It is alsoimportant
to notethat theequivalentgain of thebridgeconverteris directlyproportionalto the
peakvalue of the a-cvoltage.

V.H. Firing Circuits Requirements

The most important firing circuits requirementsfor the ring magnetpower
suppliesare:
- To havea minimumfiring anglejitter to reducesubharmonicfrequenciesgenerated

by the powerconverter.
- To haveenoughfrequencybandwidthin order that the output follows the input

referencewith minimumerror.
If thevoltageloop hasto rejectvoltageperturbationsat 60 Hz and120 Hz, the

firing circuit bandwidthhasto be higher than200 Hz.
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V.11.1. Firing Circuit Model

The frequency bandwidth limitation of the firing circuit can be better
understoodby developing a simple model for an ideal firing circuit and power
converter.It is important to point out that the only availablecontrol is the firing
angleof eachthyristor. Thus,we arein thepresenceof a switchingsystemwherethe
samplingfrequencyis imposedby thecharacteristicsof thea-c supplyandthepower
converter.For a 60 Hz a-c supplyand a 12-pulseconverter,thesamplingfrequency
hasa value off0 = 720 Hz.

The model is derivedwith thehelp of figure V.1 wherehavebeenrepresented
an arbitraryvoltage referencesignal andthe d-c terminal voltageof an ideal firing
circuit andpowerconverter.

1.0

.5

0

-.5

-1.0

Fig. V.1 . - voltage reference
- voltageoutput

model output

A simple way for modeling this nonlinear systemis to use a f, frequency
sampleranda zero orderhold. The output of thismodel hasbeenrepresentedin dot
line in figure V.2 andits transferfunction is given by [4]

1-C" =esm e3_e’m
if sT
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For low frequencies,this transferftmction can be approximatedby

48

Thus, in the low frequencyband,the ideal model for the firing circuit and
bridgeconverterhasunitarygainandlinear phase.This linear phase,takingavalue
of -90° at 360 Hz, plays an important role in closed loop operation limiting the
maximum frequency bandwidth of the regulation loops.

V.111. Review of Firing Circuits Techniques

In orderto regulatetheoutputvoltageof a phase-controlledpowerconverter,
it is necessaryto control the thyristor firing angles.Different methodsareavailable
for achieving this goal and, they can be classified as closed loop and open loop
techniques.

V.111.1. ClosedLoop Techniques

Thesetechniquesmakeuseof the informationcontainedin theoutputvoltage
waveformfor generatingthefiring pulses.An extremelysimplecircuit resultsandthe
additionof externalsignalssynchronizedwith thea-c supplyarenot required.The
operatingprinciple of this method can be easily understoodfrom the analysisof
figure V.2 [7].

The mainadvantageof this techniqueis its simplicity. The disadvantagesare
relatedwith its inherentclosedloop operatingprinciple which generatesinstability
problems.Theseproblemscanbesolvedby reducingtheclosedloop gainor increasing
thecircuit complexity[8][9J. In anycase,theresultingpassbandfrequencyresponse
is usuallyreducedandseveralsamplingperiodsarerequiredin order to modify the
thyristor bridge operationfrom rectificationto inversionor reciprocally.

Fig. V.2.a Block Diagramof a closedloop firing circuit
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Fig. V.2.b Voltage waveformscorrespondingto
a closedloop firing circuit

a converteroutput voltagewaveform
b direct voltagecomponent
c a-cripple voltagecomponent
d integratedripple voltagewaveform

V.111.2. OpenLoop Methods

The basic principle of these methods consistsin comparingthe reference
voltagewith an externalsignal sawtoothor cosinewave synchronizedwith the a-c
supply.At the intersectionpoint of theexternalsignal with thereferencevoltagea
firing pulseis generated.A block diagramof an openloop firing circuit is shownin
figure V.3.

Fig. V.3. Block diagramof an openloop firing circuit
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The rangeof possiblefiring anglesof eachthyristor is theoreticallycomprised
between0° and 180°. Thus, a monotonicincreasingor decreasingexternalsignal
extendedover 180° is required.The more usual signalsapplied are cosinewave or
sawtoothsignals [7].

When severalthyristorsareused,onepossiblesolutionis to useanindividual
phasecontrolfor firing eachthyristor. If this methodis appliedto 12-pulsethyristor
bridge, 12 externalsignals shifted by 30° are requiredin order to generatethe 12
firing pulses[101.Differentkindsofimplementationsandsimplificationsreducingthe
requirednumberof externalsignalsand comparatorshave beenpresentedin the
literature.Among them two of themoreinterestingmethodsare analyzedhere.

111.2.-aThe cosinewavecrossingmethod

Firing pulsesaregeneratedin thismethodby comparingthevoltagereference
with externalcosinewave signalsdirectly derivedfrom the a-c supply [1], [8]. The
operatingprinciple is illustratedin figure V.4 where,for thecaseof a 6-pulsepower
converter,havebeenrepresentedthe a-c supplywaveforms,the referencevoltage,
externalcosinewave signalsandtheoutput voltage.

The most importantcharacteristicsof this methodare:
- It is seenin the figure thatwhen thereferencechangesits value,the firing angle

is immediatelysetat thenewvalue.Thus, thecircuit presentsthemaximumspeed
theoreticallyavailable.
Thereareno stabilityproblemsbecauseit is an openloop method.

- As the external signal, has a cosine waveform, it is easy to verify that the
equivalentgain of thewhole systemis constant.In fact, this gain definedasthe
ratiobetweenthemeanoutputvoltageV0 andthe referencevoltageV, is constant
andindependentof the firing angle[11].

- If, as usual, the external signal is directly derived from the a-c supply, its
amplitude will be also proportional to the a-c voltage amplitude. In these
conditions,it canbeeasilyprovedthata feedforwardcompensationfor a-cvoltage
perturbationsis automaticallyachieved[11].

Someimportantproblemsrelatedwith this methodareits sensitivityto peaks
andothertransientperturbationsthatcan appearin thea-cvoltage.The methodis
alsosensitiveto harmonicdistortiontermsin thea-cvoltage.Theseproblemscanbe
reducedby increasingthe circuit complexity including integration, filters or other
similar techniquesfor obtainingnoise-freeexternalcosinusoidalsignals.
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Figure V.4.
Waveforms illustrating the basic principle of the cosine
wavecrossingmethod.
a a-c supply waveforms; b referencevoltage; c external
cosinewave signals;d output voltage.
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V.111.2.-bPhaseLocked Loop PLL Techniques

The principle of individual phasecontrol, can be also applied by using saw
tooth signalsinsteadof cosinewaveforms.In this casea firing angle proportionalto
the referencesignal is obtained and the equivalentgain of the whole system is
nonlinear.The operationprinciple is shownin figure V.5 for the caseof a 6-pulse
powerconverter.
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FigureV.5.
Waveforms illustrating the basic principle of individual
phasecontrol using a saw-toothexternalsignal.
a output voltage;b referencevoltage;c external
saw-toothsignals.
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In thefigure thevarioussawtoothwavesof anindividual phase-controlcircuit
are displayedtogetherwith an arbitraryvarying referencesignal. It canbe seenin
this figure thatonly a part of eachsawtoothis involvedin theactualtiming process.
Taking into accountthat firing pulses correspondingto different thyristors are
generatedin a sequentialway, a commontiming wavedoesalwaysexist.

Oneinterestingresult of the sawtoothcaseis that for passingfrom oneramp
to thefollowing it is only necessaryto increaseor reducethesawtoothsignal voltage
in a fix amountofvoltage.Thus,thecommontiming waverequiredfor generatingall
firing pulsescan be derivedfrom only one sawtoothsignal.

Themainideaof PLL methodsis to generatethiscomposedtimingwavesignal
in such a way that only one comparatorand pulse generatorwere required.A
synchronizedfiring pulsedistributoris then usedin orderto applyeachpulseto the
appropriatethyristor.

The circuit is composedby a sawtoothgeneratorsynchronizedwith the a-c
supply voltageby meansof a PLL circuit. Thus, the generatoroutput is a 60 Hz
sawtooth. For a 12-pulse power converter, the common timing wave has a
fundamentalfrequencyof 720 Hz. This waveformhasto be synthesizedfrom the60
Hz sawtoothandtheknowledgeofpastfiring angles.Somedifferentimplementations
are possibleto attainthis goal.

V.W. a Firing Circuit Implementations

The PLL firing circuit methodseemsto be themostsuitablefor SSC magnet
power supplies requirements. Three of the different PLL firing circuit
implementationsarebriefly analyzedhere.

V.W.1. Double Oscifiator Firing Circuit

The PLL methodanalyzedin reference[12] has beenusedin somepower
suppliesfiring circuits at Fermilab.

A doseexaminationoftheresultingwaveformfigureV.5 revealssometypical
characteristics,eventuallyleadingto a practicalpulse-timingoscillatorcircuit. The
basiccircuit should comprisea ramp generatorand a comparator.Eachtime the
rampreachesthereferencelevel it shouldberesetover a fixed distanceasto adopt
theinstantaneousvalueof thenextsawtooth.The slopeshouldbe controlledin order
to obtainan averagerepetition frequencyof exactlysix times themain’s frequency.

A 60 Hz sawtoothis generatedandsynchronizedwith thea-c supplyby using
onePLL circuit. The commontiming wave is generatedby usinga secondoscillator,
which usesthe voltage referencesignal or phasecontrol input and provides the
required720 Hz sawtoothoutput.Theoperationprinciple of this secondoscillatoris
shownin figure V.6.
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comparator
hysteresis

comparator
output

FigureV.6.
Practicalcircuit of common
generationand associated

timing wave
waveforms.

In order to obtainan appropriateoperation,this secondoscillatorhas to have
an appropriateslope andhasto be synchronizedwith thea-c supply.For obtaining
this, the 60 Hz sawtoothis relatedwith the 720Hz commontiming wave in sucha
way thatboth sawtoothswheresynchronizedand having thesameslope.The block
diagramof thecircuit is shownin figure V.7.

pulse
Out put

frequency control input phase control input

integrator output

0
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control
input

mains
sync.
input

0

sawtooth zeneralor output

integrator
output of oscillator

error signal

FigureV.?.
Block diagramof firing circuit employinga commontiming wave
generatorwith autonomouslocking and associatedwaveforms.

Although thismethodhastwo closedloops,it canbeconsideredasanopenloop
methodbecausetheseloops are only usedfor generatingthe commontiming wave
andthey do notusethe output voltageof thebridge converter.

PLL methodshavethepropertiesof anyopenloop methodofhavingmaximum
responsespeedwithout presentingstability problems.Moreover as the common
timing wave is syntheticallygenerated,PLL methodspresenthighly immunity to
transientperturbations,distortionand noisein the a-c supply.

57



The maindrawbacksaredueto thefact that feedforwardcompensationfor a-c
amplitude perturbationsis not automaticallyobtained and that the equivalent
transferfunction is non linear.

V.W.2. StandardP11 Firing Circuit

A generalpurposethyristor firing circuit can be developedby usingonly one
oscillatorandP11 loop. The operationprinciple can be readily understoodfrom the
simplified block diagramof figure V.8.

FigureV.8.

The PLL circuit comparesthemainvoltagephasewith thephaseof theoutput
signaldivider by 6. Thevoltagereferenceis addedat the phasecomparatoroutput.
Whenthesystemis locked,thed-c voltageat the filter outputhasa small value.The
d-c voltageatthephasecomparatoroutputhasanegativevalueof similar amplitude
thanthevoltagereference.Therefore,the outputsignal will be delayedwith respect
to themainvoltageandthedelayanglewill be proportionalto thevoltagereference.

The main drawbackof this schemeis that it is not an openloop firing circuit.
In fact, thePLL is notusedfor generatinganexternalsignal asin figure V.3 butfor
the direct generationof the firing pulses.A direct consequenceof this close loop
operationis the slow circuit responseto changesin thevoltage reference.

Thebandwidthfrequencyresponseof thecircuit canbe improvedby increasing
theoperationfrequencyofthephasecomparatorandthecircuit complexity.This can
be done by increasingthe numberof main voltage phasesto be usedby the PLL
circuit. A block diagramofa circuit that usesthreemain voltagephasesis shownin
figure V.9 [13].

60Hz

Vr

a-c

+

V0
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Fig. V.9. Firing circuit blockdiagram

In afiring circuit recentlydevelopedby Enerprotheoperationfrequencyofthe
phasecomparatorhasbeenincreasedup to 720 Hz by using 6 phasesof themain
voltage [141. By using this structure,thePLL bandwidthhasbeenincreasedup to
200 Hz [14].
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W.3. Digital Firing Circuits

It is interestingto showthatit is possibleto developan openloop PLL firing
circuit with only one PLL loop used to generate a digital 60 Hz sawtooth
synchronizedwith the main a-c supply. The common timing wave signal can be
directly derivedfrom this sawtooth[15].

The operationprinciple of the method can be easily understoodfrom the
analysisof figure V.10. The 60 Hz 360° referencerampandthe individual rampfor
each thyristor have been representedin this figure. The main idea of a digital
generationof thecommontiming wave is to noticethat the lesssignificative bits of
all individual rampsincluding the referenceramp are identical. Only the 4 most
significativebits correspondingto thedivision by 12 are different.

2.0

1.5

1.0

-5

0

Fig. V.10.

One possibleimplementationof a digital firing circuit basedin this idea, is
representedin block diagramen figure V.11 [15].

The VCO output provides a clock signal and a digital counter is usedfor
generatingadigital 60 Hz 360° referenceramp.The outputof thecounteris divided
by 12 andlockedwith the a-c supplyby the PLL loop. The numberN8 storedin the
divider by 12 hasto be comprisedbetween0 and 11 andit is possibleto passfrom
the referencerampto anyother rampby reducingN8 by thenumbercorresponding
to the ramp to be generatedfigure V.10. A counterto 12 synchronizedwith the
firing pulsesdeterminesthe numberof the ramp to be generatedand a difference
circuit providesthemostsignificativebits of this ramp. A digital comparatoris then

0 100 200 300

-- referenceramp
- voltage reference

- sawtoothsignals
- commontiming wave
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usedfor generatingthe firing pulses.The N bits less significative of the reference
voltage are comparedwith the contentsof the N bits counterandthe 3 bits more
significative of thevoltage referenceare comparedwith the output of thedifference
circuit. Whenthe comparatorresult is zero,a firing pulseis generated.

Theclock frequencydeterminetheangleresolutionofthefiring circuit andcan
be modified by changingthedivider numberN of thePLL loop. In order to give an
ideaof thenumberof bits requiredfor obtaininga given angle resolution,the case
of a 12 bits digital voltagereferencewill be considered.In this case,N is equal to 9,
theclock frequencywill beof60122 that is nearto 370 [Hz 368640Hz. And the
resolutionin angle will be of about0.1°.

V.V. Firing anglejitter andpotential transformers

The ripple frequency,for a12 pulsepowerconverter,is 720Hz. This frequency
is the lower frequency componentof the idealized voltage output waveforms
associatedwith this circuit, which assumea constantreferenceand a perfectly
symmetric operation. Under real operation a small amount of subharmonic
frequencies is always present. The main contributors to these subharmonic
componentsarevoltageandphaseimbalanceswhichmight existbetweenthe6-phase
input voltages,impedanceunbalancesandjitter in the thyristor firing angles.

The load currentaccuracyrequirementof 100 ppm has to be met in both,
maximumand minimum current limits. The impact of small unbalancesis more
importantwhentheload currenthasits minimumvalue.In this case,the thyristors
firing anglewill behigherthan 80° andsmallphaseimbalancesor firing anglejitter
will produce a high relative voltage error. For having a reduced amount of

60Hz

Vr

Fig. V.11. Digital firing circuit

Vo
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subharmoniccomponentsit is wisdom that the total phaseerror including phase
unbalanceandfiring anglejitter was held within 0.5°.

Anothersubjectthat merits somecommentsare the synchronizationcircuits.
All openloop firing circuitsgenerateexternalsignals,whichhaveto be synchronized
with themainac supply.To thisend, resistivedividersor potentialtransformersare
generallyused.In the LEB application,the useof potential transformersis highly
recommendedbecauseof the high voltage isolation required.The accuracyof this
potential transformerdependson the adoptedtopology for the firing circuit. For
Enerprofiring circuits,aninstrumentpotentialtransformerwith anaccuracyashigh
as0.1° [161 could be required.But, if a doubleoscillator or a digital firing circuit is
adopted,theaccuracyof theinstrumentpotentialtransformercanberelaxed.In fact,
the synchronizationwith only one of the main supplyphasesis neededandphase
errorsin thepotentialtransformercan be eventuallycorrectedby thevoltage loop.

V.V1. Conclusions

Closed loop firing circuits are not generallyrecommendedfor SSC magnet
power suppliesdue to their slow dynamic behavior and their inherent stability
problems.The twelve pulse firing circuit recentlydevelopedby Enerpro, having a
bandwidthof 200 Hz, could be usedbut thevoltage1oop hasto be designedin order
to compensatethe firing circuit pole at 200 Hz.

When thevoltageloop providesenoughrejectionto a-cvoltageperturbations,
PLL methods are preferred among other open loop methods due to their high
immunity to noisein thea-c supply.The nonlinear staticcharacteristicof thebridge
convertercanbesolvedby includinga linearizingcircuit in thereferencesignalpath.
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YL DCCT SPECIFICATIONS

Zero Flux DC Current Transducer

Specificationsfor LEB currentmeasurement

ELECTRICAL
DC CurrentRange
OutputVoltage @i F.S.
Output Impedance
Output CurrentLimit
Digital Output Serial @ Parallel
Samplingfrequencyexternalclock
SaturationLevel
SmallSignalBandwidth
SlewRate

TRANSFERFUNCTION
Initial error
Error vs. temperature
Error vs. time
Linearity error
OutputNoise

o - 1 Hz
0 - 2 kHz
0 - 100 kHz

ElectronicsOperatingTemperatureRange
MeasuringHeadOperatingTemperatureRange
PowerSupply

Nominal Voltage andFrequency
Voltage Range
FrequencyRange

IsolationVoltage MeasuringHeadto Bus Bar
Zero Flux andError CurrentIndicators
Warm-uptime

Zero to 5000 Amps
+10 volts DC

.c5mOhm
> 2 mA
20 bits

up to 2 kHz
110% of F.S.

> 10 kHz
> 10 Amp/ms

<50 ppm of F.S.
<0.1 ppmof F.S./K

<1 ppm of F.S./month
dO ppm max

15 - 35 Deg. C.
10 - 50 Deg. C.

120 VAC @ 60 Hz
108 - 132 VAC

58 - 62 Hz
10000VDC for 1 mm

RelayContacts
15 mm. max

MECHANICAL
ElectronicsModule

Minimum Height,Standard19" E.I.A., RackMount Assembly
MeasuringHead

Integral 5000 Amp DC bus bar with connectionflagshole patterns
CableLength MeasuringHeadto ElectronicsModule

RMS
RMS
RMS

<1 ppm
<2 ppm
<5 ppm

of F.S.
of F.S.
of F.S.

20 m
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APPENDIX A

VOLTAGE LOOP TUTSIM SIMULATIONS

The L.E.B, powersupplyvoltageregulationloop fig. 1.4. hasbeensimulated
using Thtsim and Spice. In Thtsim implementation,the transferfunction of the
different voltage loop blocks are simulated. In order to simplify the diagramand
reducethe numberof requiredintegratorblocks a variablestatemodel is usedto
simulate eachtransferfunction. The procedureis explainedby meansof a second
order transferfunction.

Fs =
b0+b1s

1
Us 1+a1s+a2s2

Equation1 can be written as

[1+a1s+a2s2]Y=[b0+b1slU 2

The statevariableX1 is definedby specifyingthe output Y as

1= [b0+b1s]X1 3

The input U is thenspecifiedas

U = [I+a1s÷a2s2JX1 4

Defining, asusual,X2 = Z thestateequationsare

Jtj*-X2

a2 a2 a2
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The output equationis

Y = b0X1 + b1X2 6

The Tutsim implementationof thesecondordertransferfunctionobtainedby
using equations5 and6, is representedin figure A.1.

Di.

FigureA.1.
Tutsim implementationof a secondordertransferfunction

Theproceduredevelopedherefor asecondordersystemcanbedirectly applied
to higher order transferfunctions.For first and secondorder systemsThtsim has
alternativesolutionsusingspecialblocksasIwz, Pid andSeo.

The ThtsimimplementationoftheL.E.B. powersupplyvoltageregulationloop
is shownin figure A.2. The electricalcomponentsof the output ifiter andload had
beenindicatedin figure A.2. 61 to 70 but, Tutsimrequireblock implementationfor
L, C, R and G components.For details aboutelectric circuits implementationsee
Tutsim manual appendixC, Electric Circuits - Parts 1 and 2. The Thtsim model
correspondingto figure A.2 is listed in pageA-4.

1.’a2
*

1
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FigureA.2.
Tutsim implementationof theL.E.B. voltageloop
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PROFESSIONAL VERSION OF TUTSIM

Model File: b:tutsimvolta.sim
Date: 8 / 21 / 1991
Time: 9 : 48
Timing: 10.000E-06 ,DELTA ; 0.0500000 ,RANGE
PlotBiocks and Scales:
Format:

BlockNo, Plot-MINimum, Plot-MAXimum; Comment
Horz: 0 , 0.0000 , 0.0500000 ; Time

‘11: 10 , 0.0000 , 5.000E+03
Y2: 60 , -2.000E+03 , 1.000E+03 ;
Y3: 62 , -1.000E+03 , 2.000E+03 ;
Y4:

0.0000 10 PLS
0.0010000
1. 000E+03

20 SUM 10 -60
100.0000 21 GAl 20

6.2500 22 GAl 21 -23
0.0000 23 INT 22

31 SUM 20 -34 -35
0.0000 32 INT 31
0.0000 33 INT 32
9.4250 34 GAl 32

142.122E+03 35 GAl 33
377.0000 36 GAl 33
94.2500 37 GAl 36 32

41 SUM 20 -44 -45
0.0000 42 INT 41
0.0000 43 INT 42

18.8500 44 GAl 42
568.489E÷03 45 GAl 43
754.0000 46 GAl 43
188.5000 47 GAl 46 42

49 SUM 23 37 47
100.000E-06 60 DEL 49
700. 000E-06

0.0000
0,0019800 61 L 60 -62
0.0000
0.0013000 62 C 61 -65 -67

-69
0.0000
0.0040000 64 C 65
0.0000
0.7090000 65 G 62 -64

49.000E-06 66 C 67
0.0000
0.0010000 67 L 62 -66 -68
0.0000
0.0050000 68 R 67
0.1000000 69 L 62 -70
0.0000
0.1060000 70 R 69
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Openloop analysis

The open loop transient behavior of the LEB voltage regulator can be
performedby openingthe feedbackloop in figure A.2. This can be easily done by
replacingtheadditionblock 20 by aunitarygain.Theusualsourcesemployedblock
10 areimpulse,stepandsine waveor frequencymodulatedsinewave. A sinewave
signal width frequencylinearly sweptfrom 20Hz to 200Hz hasbeenusedin figure
A.3.

I I I I I

V2: Open Loop Uoltagc Jtcgulation
28.8888

15.8880

18.8888

5.8888

o.eoeo

-5.8888

-18.8888

-15.8888

-28.8880

-25.8888

-38.8888
8.8880 Time s.8888

FigureA.3.
TutsimSimulationof theVoltage Regulation
1 Sweptsine waveinput signal
2 Outputvoltage

in openloop

Input and outputvoltage signalsin the time domainareusedby Fansimfor
estimatingthespectraltransferfunction.Theresultsobtainedusinginput andoutput
recordsof figure A.3. arerepresentedin figures A.4 andA.5.
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Uoltage Regulation - Open Loop Magnitude Frequency Resp

FigureA.5.
Similarresultscan beobtainedby usinga unitaryimpulsefunction insteadof

a sweptsinewavesignal.The openloop impulseresponseof theLEB voltageloop is
shownin figure A.6.

FigureA.4.

‘J0it age Regu lat ion - Open Loop Phase Frequency Response
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Vi:
1.680E83

1.600E.03

1.400E.03

1 .200E+83

1 ,ØØØ}+53

880.8080

680.8888

400.8000

280.8080

8.0000

-200.8008

Figure A.6.

The frequencyresponseof the voltage loop can be estimatedby applying
Fourier transform to the data of figure A.6. The resulting Bode phasediagram,
obtainedusingFansim,is shownin figure A.7.

8.8808 Time 1.8068

FigureA.7.
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ClosedLoop Analysis

The sameprocedureemployedfor open loop analysishasbeen applied to
analyzetheLEB voltageregulationsystemin dosedloop operation.An unitarypulse
input signal was appliedto thevoltagereferenceandthe voltagewaveformsat the
powerconverteroutputandat thefilter outputhavebeenregistered.Theresultsare
shownin figure A.8.

y2
1.B80E83

708.0800

480

180.0000

-280.0800

-S88.0008

-888.8800

-1.1O8E03

-1 .408E+03

-1.708E"83

-2.008E+83

FigureA.8.

Tutsim Simulationof theVoltage Regulationin closedloop
1 pulseinput signal
2 voltagewaveformat thepowerconverteroutput
3 voltagewaveformat the filter output

The magnitude-frequencyresponseto a referencesignal of the LEB voltage
regulator in closedloop operationis shownin figures A.9 andA.10. In figure A.9 the
outputis taken at thepowerconverterwhile in figure A. 10 the effect of thepassive
outputfilter is considered.

0.0000 TIme 8.0500808
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FigureA.9.
VoltageLoop Magnitude-Frequencyresponseat the powerconverteroutput

Red: 5; : 9.765625 096.3S }&

FigureA.10.
Voltage Loop Magnitude-Frequencyresponseat the passivefilter output

to

Maw

-70
1.765625 Hz
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Ripple Rejection

Similar analysis has been made in order to determine ripple rejection
characteristicsof thevoltageloop. FigureA.11. showsthe time domainresponseto
a voltage perturbationpulse.

2 .008fl03

1 .468Et83

800.0680

260.0080

-480.0680

-1 .068fl03

-I .GOBE.63

-2 .208E+03

-2. 806E+63

-3 .468E+03

-4 .008fl03

FigureA.11.
Ripple Rejectionof theVoltage RegulationLoop

1 voltageperturbationpulse
2 voltagewaveformat thepowerconverteroutput
3 voltagewaveformat the filter output

FiguresA.12 andA.13 showripple rejectioncharacteristicsat thefilter output.

0.0080 Tine 6.1086080
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Responseof theLEB Power Supplyto a-c voltageperturbations

Responseof theLEB Power Supplyto a-c voltageperturbations

Figure A.b2.

FigureA.13.
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APPENDIX B

VOLTAGE LOOP SPICE SIMULATIONS

The voltage regulationloop of the LEB ring magnetpower supply hasbeen
simulatedusingtheprogram Spice. An schematicdiagramof thevoltage loop Spice
simulation program is shown in figure B.l. The voltage compensatorhas been
implemented using operational amplifiers Subcircuit Opamp in a parallel
configuration in order to obtain the three terms of the correspondingtransfer
function. Thesethree termscorrespondto the subcircuits Compens,BridgG and
Bridgi2O respectively. The delay introduced by the power converter has been
simulatedby a singlepole at 180Hzaddedto thesubcircuitAddition.

The listing of the developedSpiceprogramfollows:

SpiceSimulation Listing

Volta: VoltageLoopSimulation
Compensatorgain = 100

*Secor4Order Filters With Total Gain=0.25

.SUBCKFILTER 385
L 35.00196
C 581300UF
Ci 56 4000UF
Ri 68 1.41
C2 5 9 49UF
L2 9 10 .001
R2 10 8.005
.ENDS FILTER

.SUBCKTOPAMP1234
KIN 1 2 100000
E0UT3421 100K
,ENDSOPAMP

.SUBCKTBP.1D060185
*Double T BridgeActiveFilter
*60 Hz 1% error in R3 and C3
*60 Hzgain = 0.5
RA 1 2 48.24K
Ri 23 12.06K
R2 35 12.06K
R3 48 5.97K
Cl 2 4 .220UF
C2 45 .220UF
C3 38 .445UF
X12858OPAMP
.ENDS BRIDO6O
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.SUBCKTBRIDGI20185
*Thuble T BridgeActiveFilter
*120 Hz 1%error in R3 and C3
*120 Hz gain = 0.5
114 12 24.12K
Ri 23 6.03K
R2356.OSK
R3 482.985K
Cl 2 4 .220UF
C2 4 5 .220UF
C3 38 .445UF
X128580PAMP
.ENDSBRIDG12O

.SUBCICrCOMPENS185
*GainflC=100Poleat 1Hz
RI 1 2 10K
R2251MEG
C125.I6UF
XJ28S8OPAMP
.ENDSCOMPENS

.SUBCKTADDITION12386
*gain of 0.5for both bridges
*gain of1 for compent
*Pole at 180Hz, T-8.84E.4
Ri 15 10K
R2 2520K
R3 3520K
C4 5 6 .0884UF
R4 56 10K
X258680PAMP
.ENDSADDITION

*%IN 14 0 1 AC 1
VIN100AC1
RIN1O 100 10000
El 11 0 10 13 1
XC 11021COMPENS
X60 11 022 BRIDG6O
X120 11 023 BRIDGI2O
XAD21 22 23013ADDITION
*E2 13 0 12 14 1
XFI3O1FILTER
LI 12.1
Ri 20 .106
.AC DEC 100101000
.END
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Figure B.i.
SchematicDiagramof theVoltage Loop SpiceSimulation
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ResultsandDiscussion

The frequencyresponseofthevoltageloop obtainedwith theSpicesimulations
have been shown in figures 1.6 and 1.7. From figures 1.6. a and b the stability
marginscan bedetermined.The phasemarginis about30° at a frequencyof 1.40Hz.
As at high frequenciesthephaseis tangentto -180° thegainmargingoesto infinity.
this is dueto the fact that theconverterdelayhasbeensimulatedwith a first order
pole.

The resultsobtainedin appendixA width Tutsim/Fansimsimulationsare
basically the sameat thoseobtainedwith Spice simulations.In fact phasemargin
andfrequencyfiguresA.4 andA.5 arethesame.Nevertheless,with Tutsim/Fansim
simulations,thedelayintroducedby thepowerconverteris well simulatedandgain
marginandfrequencycanbe determined.From figure A.7. thegainmarginobtained
at a frequencyof 300Hzhasavalue of about10 dB. Thesetwo valuesareimportant;
the frequencyof 300Hz is the absolutemaximumvoltage loop bandwidthwithin
stabilityconditionsand10 dB is theamountof gain loop incrementthatwould just
produceinstability. Thus,maximumgain loop variationsdueto parameterchanges
andnon-linearfiring circuit behaviorhaveto be carefully checked.
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APPENDIX C

CURRENTLOOP, LINEAR RAMP MODE, COMPUTERSIMULATIONS

The currentregulationloop oftheLEB ringmagnetpowersupply,underlinear
ramp operationmode,hasbeensimulatedusing the programSpice.An schematic
diagramof thecurrent-looplinearrampSpicesimulationprogramis shownin figure
C.i. The cascadecurrent compensatorhas been implementedusing operational
amplifiers Subcircuit Opampandthe whole voltage loop was included inside the
current loop. For detailsaboutthevoltageloop, seeAppendixB, Voltage Loop Spice
Simulations.

The listing of the developedSpiceprogramfollows:

SpiceSimulationListing

LEBVOLR.CIR LINEARRAMP CURRENTREGULATION
* Voltage rejection analysis
*cjjrfl loop simmulation,usinga F! compensator
*Includes thevoltageloop
.SUBCKTOPAMP1234
RIN 12 100000
E0UT342 I 100000
.ENDSOPAMP

* *

*VOLTAGE REGULATION LOOP
* VoltageLoop volta.cir
*Compentorgain = 100
*SecordOrder Filters with Total Oain=0.25

.5UBCK1’ FILTER 385
L 35.00196
C 581300UF
Cl 56 4000UF
RI 68 1.41
C2 5 9 49UF
L2 9 10.001
112 10 8.005
.ENDSFILTER

.SUBCICTBRIDG6O185
*JoubleT BridgeActiveFilter
*60 Hz I*errorinR3andC3
RA12 48.24K
Ri 2 3 12.06K
R2 35 12.06K
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R3 48 5.97K
Ci 2 4 .220UF
C2 4 5 .220UF
C3 3 8 .445UF
X12858OPAMP
.ENDSBRIDG6O

.SUBCKTBRIDG12O1 85
*Jouble T BridgeActiveFilter
*120 Hz l%error in 113 and C3
11.41224.12K
Ri 23 6.03K
R2356.03K
R3 482.985K
Cl 2 4 .220UF
C2 4 5 .220UF
CS 3 8 .445UF
X12858OPAMP
.ENDSBRIDG12O

.SUBCKTCOMPENSV185
*Compensatorof the VoltageLoop
*Qain DC=lOO Poleat 1Hz
Ri 1 2 10K
R22S1MEG
Cl 25 .I6UF
X12858OPAMP
.ENDSCOMPENSV

.SUBCKTADDITION12386
*gain of 0.5 for both bridges
*gain of 1 for compens
*pole at 180Hz, T=8.84E-4
Ri 1 5 10K
R2 2 520K
R3 3 520K
C4 5 6 .0884UF
R4 56 10K
X25868OPAMP
.ENDSADDITION

.SUBCJCTVOLTAGE10813
El ii 8 10 13 1
XCV 11821 COMPENSV
X60 11822BRIDG6O
X120ii 823 BRIDO12O
XAD21 22238 13 ADDITION
.ENDSVOLTAGE
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.SUBCKTCOMPENSI1 96
*Compensatorof the Current Loop
Ri 1 2 10.8K
R234 lOOK
C 239.43UF
RB2 4 11600K
X12949OPAMP
R345 10K
R4 56 10K
X25969OPAMP
.ENDSCOMPENSI

* VAN 1 0 ACI PWL0375.125375.4753750.6253750.975375 1.2 375
VINI ODC1
RE1 1 0 1
E 201111
RE32 0 1
XCI 203 COMPENSI
XV304 VOLTAGE
XF4 014 FILTER
WNR 13 OAC.106
RE1313 0 1
EFS014131
LOS 7.1
RO70.106
ER 110 709.4339623
RE1J 11 0 1
OPTIONSLIMPTS=i000

.AC DEC 50.0011000
*TRAN .03 1.2
.PROBEV7 Vi V2 V3 V4 V5 V11 V14 V13
PROBEIR0 IRE1 IRE3 IRE11

.END

Results

With afew modifications, theaboveSpiceprogram hasbeenusedto simulate
the LEB LinearRamp current regulation systemunder open-loopand dosed-loop
operation figures II 5, 6, 7, 10 and 11. It hasbeenalso usedto determine the
rejection characteristicsof the current loop to voltage and current perturbations
figures 11.8, 9, 12 and 13.
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VOLTAGE LOOP

Figure C.i. SchematicDiagramof theCurrentLoop
LinearRampOperationMode, SpiceSimulation
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APPENDIX D

CURRENTLOOP, SINE WAVE MODE, COMPUTER SIMULATIONS

I - TUTSIM SIMULATIONS

The L.E.B. 10 Hz Biased Sine Wave current regulationloop fig. 111.3. has
been simulatedusing Thtsim and Spice. In Tutsim implementation, the transfer
function of the differentvoltage loop blocksaresimulated.The transferfunctionof
bothcascadecompensatorscanbe implementedfollowing theprocedurepresentedin
appendixA or using the specialTutsim blocks asIwz, Nd andSeo.

The Thtsim implementation is shown in figure D.i; where the cascade
compensatorswereimplementedusingintegratorsandthemultiplier andsampleand
hold usingthecorrespondingblocks Mul andSpl. The only parameterofthesample-
and-holdblock is thesampleinterval correspondingto 10 Hz. Therefore,the two Spl
63 and64 aresimultaneousandin orderto detectmaximumandminimum current,
anextradelayofhalf sampleintervalwas introducedprecedingtheblockSpl 64 Del,
6i. The electricalcomponentsof the output filter andload havebeenindicatedin
figure D.1. 42 to 54 but, Tutsim requireblock implementationfor L, C, R and3
components.For detailsaboutelectric circuits implementationseeTutsim manual
appendix C, Electric Circuits - Parts 1 and 2. The Tutsim modelcorrespondingto
figure D.1. follows.

Tutsim Simulation Listing

PROFESSIONAL VERSION OF TUTSIM

Model File: tutsimleblOdcloop . sim
Date: 11 / 19 / 1991
Time: 12 : 20
Timing: 0.0010000 ,DELTA ; 11.0000 ,RANGE
PlotBlocks and Scales:
Format:

BlockNo, Plot-MINimum, Plot-MAXimum; Comment
Horz: 0 , 1.0000 , 11.0000 ; Time

Yl: 30 , 0.0000 , 5.0000
Y2: 101 , -3.5000 , 1.5000 ; d-c current deviation
Y3: 18 , -1.0000 , 4.0000 ; Output Current KAmp
Y4:

10.0000 1 FRQ
1.0000
0.0010000 2 DEL 1
0.0450000
0.0000

3MUL 2 62
1.0000 4 GAl 3 58 ;Output Voltage [KVolt]
1.0200 5 GAl 4 -6
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0.2815000 6 INT 5
0.7000000 7 GAl 5
1.4000 8 GAl 7 6
0.0019800 11 L 8 -12
0.3484000
0.0013000 12 C 11 -14 -18
0.2177000
0.0040000 13 C 14
0.2502000
0.7090000 14 G 12 -13
0.1000000 18 L 12 -22 -23 ;Output Current [KAmp]

-19
0.3748000
0.1320000 19 R 18
0.2400000 20 R 21
0.1600000 21 L 22 23 -20
1.4965
0.0041250 22 C 18 -21
0.2207000
0.0120000 23 R 18 -21
1.0000 30 PLS
5. 0000
1.0000
1.7500 31 CON

32 SUM 30 31
0.0010000 33 DEL 18
0.0500000
1.7500
0.1000000 34 SPL 33 ;Maximum Value
1.0000 35 GAl 32 -34

312.SOOE-06 36 GAl 35 -37
172.855E-06 37 INT 36

1.2600 38 GAl 36
1.300E+03 39 GAl 38 37
1.0000 40 PLS
5.0000
1.0000
0.3750000 41 CON

42 SUM 40 41
0.1000000 44 SPL 18
1.0000 45 GAl 42 -44

312.SOOE-06 46 GAl 45 -47
36.036E-06 47 INT 46
1.2600 48 GAl 46
1.300E+03 49 GAl 48 47
1.0000 51 GAl 39 49
0.7936500 55 GAl 51 -56
0.2715000 56 INT 55
0.9800000 57 GAl 55
1.0400 58 GAl 56 57
1.0000 61 GAl 39 -49
1.0000 62 GAl 61
0.5000000 101 GAl 34 -31 44 ;d-c current deviation

-41
0.5000000 102 GAl 34 -31 -44 ;a-c current deviation

41
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Figure D.1.
L.E.B. 10 Hz BiasedSine WaveCurrentLoop - Tutsim Implementation



Openloop analysis

The transferfunction determinationof d-c and a-cload behaviorunderopen
loop operation is important in order to validate the lower order mathematical
expressionstheoreticallydeducedfor both currentloops expressions26 and38.

The open loop transient behavior of the LEB current regulator can be
performedby openingboth feedbackloops in figure D.1. The usualsourcesemployed
are impulse,step and sine wave or frequencymodulatedsine wave. A sine wave
signal width frequencylinearly swept from 0.02Hz to 1Hz in 50 sec. has been
considered.

a d-c Current Loop

The sine-wavefrequency-modulatedsignal hasbeenaddedto themeanvalue
input signal. The resulting time-domainanalysisis shownin figure D.2 and the
correspondingBodediagramsestimatedwith Fansim are shownin figure D-3.

V2:delta DC output
3.8800

2.8600

1.8800

0.6000

-1.6080

-2.8888

-3.6680

-4.8680

-5.8080

-6.8000

-7.8000

leHz IC Open Loop Analysis

¶ £ 4

1.8880 Time 51.8008

FigureD.2. Open-looptime-domainanalysis
of the d-c mean-valuecurrentregulation

1. Sine-wavefrequency-modulatedsignal
2. Deviationof the current-outputmeanvalue
3. Output current

fT V V ITVITVVITTI’t;’i’
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10Hz DC Open Leap Na itude Frequencytatqs Lu

10Hz DC Open Loop Phase Frequency r,aInis

U

Phase

-180
0.019531 Hz Red: 3; dF: 0.019531

Figure D.3. Open-loopBode diagramsof the
d-c mean-valuecurrent loop

Fr.quwcy

j !Iiz I
1.992199 Hz

Fr.u.ncy
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From the Bode diagramsof figure D.3, load admittanceparameterscan be
directly estimated.Otherpossibility is to usetheiterativeleast-squarescurvefitting
capabilitiesof Fansimprogram. The obtainedcoefficientsreasonableagreewith the
load admittancelower orderapproximationof equation26.

b a-c Current Loop

The same sine-wavefrequency-modulatedsignal has been also used to
modulatethe 10 Hz a-c current amplitude. The resulting time-domainanalysisis
shownin figureD.4 andthecorrespondingBodediagramsestimatedwith Fansimare
shownin figure D-5.

Y2:delta AC
3.8000

2.6600

1.8800

6 .6600

-1.8600

-2 .0000

-3 .8000

-4.8000

-5.0000

-6.0000

-7.8806
1.8680 Time

Figure D.4. Open-looptime-domainanalysis
of the a-c amplitudecurrentregulation

1. Sine-wavefrequency-modulatedsignal
2. Deviationof the a-c currentamplitude
3. Output current

51.0080
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10 Hz Open Loop Magnitude Fr.qu.ney Response

Figure D.5. Open-loop
a-c amplitude

Bodediagramsof the
current loop

Frequency

10Hz Open Loop Phase FrequencyResponse

Frequency
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Thetransferftmction betweenmultiplier input anddetectoroutput,including
the nonlinear operations of amplitude modulation and peak detection, can be
estimatedfrom theBode diagramsof figure D.5. Using theFansimiterative least-
squarescurve fitting routine, the following estimatedtransferfunction has been
obtained.

3.8Ts -

_______

1 + s 1.25

This expressionreasonablematchesthe theoreticalresult obtainedapplying
convolutiontheoremsin the s-planedomainequation28. The differencein gainof
a factor 2 is dueto the fact that in TutsimFansimsimulationsthe output current
peakhasbeendetectedwhile in thedeductionof equation38 a synchronousdetector
hasbeenconsidered.

Closedloop analysis

The closedloop operationof the 10 Hz biasedcurrentregulationsystemhas
beensimulatedusingthediagramimplementationshownin figure D.1. Thetransient
behaviorof the d-c loop is analyzedby adding a samerectangularpulse to both
continuous current references.The d-c current output is calculated by adding
maximum and minimum current measurementsand dividing by two. The time
responseof the d-c currentloop is shownin figure D.6.

‘/2:d-c current
1.5808

1. 8000

8.5088080

8.0880

-8.5008000

-1.0000

-1.5808

-2.0000

-2.5800

-3.0880

-3.5008

Figure D.6. Time responseof the d-c current regulation loop
1. Rectangularpulse addedto currentreferences
2. Deviationof thed-c currentoutput
3. Outputcurrent

1.8000 TIme 11.0088
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The frequencyresponseof thed-c current loop canbe estimatedby processing
with Fansimthetime-domaindataof figure D.6. The obtainedmagnitudeandphase
Bodediagramshavebeenshownin figure W.10.

The a-c magnitude current loop is analyzed in a similar way adding
rectangularpulseswith oppositepolaritiesto bothcontinuouscurrentreferences.The
time-domainsimulationresultsis shownin figure D.7.

Y2:a-c current
1.5008

1.8008

0.5088008

0. 8008

-0.5808800

-1.8008

-1.5888

-2.8800

-2.5000

-3.8086

-3.5800

FigureD.7. Time responseof thea-c currentregulationloop
1. Rectangularpulseaddedand subtractedto currentreferences
2. Deviationof the a-c currentoutput
3. Outputcurrent

The correspondingfrequencyresponseof thea-c currentloop asestimatedby
Fansimhasbeenshownin figure W.12.

1.8808 Time 11.8800
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II- SPICE SIMULATIONS

The current regulationloop of theLEB ring magnetpowersupply,undersine
waveoperationmode,hasbeenalsosimulatedusingtheprogramSpice.An schematic
diagramof the current-loopsinewaveSpicesimulationprogramis shown in figure
D.8.

Both cascadecurrentcompensatorshavebeenimplementedusingoperational
amplifiers and the sample-and-holdcircuit using switchesfollowed by a capacitor.
The switches Si and S2 are driven by the sample pulses Pls 21 and Pls 22
synchronizedwith thetime correspondingto maximumandminimumoutputcurrent
respectively.The switches53 andS4 driven by Pls 22 havebeenaddedin order to
measuresimultaneouslytheerrorsin maximumandminimumcurrentandreducing
the interdependencebetweend-c anda-c currentloops.

The listing of the developedSpiceprogram follows:

SpiceSimulation Listing

10 Hz Current ClosedLoopSimmulation
* With compensatorandfilter

* SecondOrder Filter
.SUBCKTFILTER 38518
LA 3 5.0005
LB 8 18 .0005
K1 LA LB .98
C 581300UF
Cl 56 4000UF
RI 68 1.41
C2 5 9 49UF
L29 10 .093
R2 10 8.005
.ENDS FILTER

.SUBCKTOPAMP1234
MN 12 100MEG
EOUT3421 100K
.ENDSOPAMP

.SUBCKTCOMPG 186
tGain1300,Zero at 1.26 Pole at 3200
Ri 1 2246K
RC 34 126K
Cl 23 1OUFIC=.OIV
R2 24 32OMEG
X12848OPAMP
R3 45 10K
R456 10K
X258680PAMP
.ENDS COMPG
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.SUBCKTCOMPDC184
*Gajnfl.04, Zero at .977, Pole at 1.26
Ri 1 2 26.9K
RC3498K
Ci 23 1OUFIC=.O1V
R2 2 428K
X12848OPAMP
.ENDSCOMPDC

.SUBCKTCOMPA186
Zeroat .7, Pole at .98

Ri 1 2 20K
RC34 70K
Ci 23 1OUFIC=.OiV
R224 28K
Xi2848OPAMP
R3 4510K
R456 10K
X258680PAMP
.ENDSCOMPA

VIN2000SIN01 100
VP1 21 00PULSE-.51 27.OMS.O1MS.OIMS .O1MSlOOMS
VP2 2200PULSE-.51 77.OMS.OIMS.O1MS.O1MSlOOMS
VP3 2300PULSE-.51 2.OMS.O1MS.O1MS.01148100148
VMAI8ODC3750
VMIN 90 DC 375
*1,714 140DC20
Bi 16 0 V=u14*v20
*Both loopsconnected
E4 182816151
IF 182851 0 FILTER
XCA5101 COMPA
Li 12 .1
Ri 23.132
a 3 4.240
L 40.160
C 344 4125t]F
R2 44 0 .012
El 5 0 2 3 7.576
JILL 5 0 lOOK
815621 0 SMOD
CA 60 1UFIC=.O1V
BA 6 0 10000MEG
8257220SMOD
CB 70 1UFIC=..01V
RB 70 I0000MEG
E2 300861
E3 320971
S3 3031 23 0 SMOD
CC31 0 IUFIC=-.O1V
RC310 10000MEG
8432 33230 SMOD
CD 330 IUFIC=-.OlV
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RD 330 i0000MEG
ESM1 60 0 31 0 1
ESM2 61 0 33 0 1
XCG1 60010COMPG
XCG2 61 Oil COMPG
EMAX 14010111
EMIl 1700111
EMI2 130 10 171
XC2 13015COMPDC
.1115 150100K
*Ei4 14 0 12 0.24
*R30 30 0 1K
.TRAN.0550.003UIC
.END

.MODEL SMOD SW

Results

The aboveSpiceprogramhasbeenusedto analyzethe transientbehaviorof
the LEB iO Hz Sine Wave currentregulationsystem.The stationarystateandthe
transientbehaviorofoutputvoltageandmagnetcurrenthavebeenshownin figures
IV.14, 15 and 16.
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FigureD.8. SchematicDiagramof theCurrentLoop
10 Hz Sine Wave OperationMode, SpiceSimulation
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