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ABSTRACT

This paperdescribes the control, interlock, andpower circuits
for 680 unipolar switch mode DC-to-DC converters used m
regulate the Advanced Photon Source's (APS's) storage ring
qmdmpole andszxmpole magnetcurrents.Quadrupolecurrent
stabifityis:I:6x10"5andthes=xtupolecurrentstabilityis:I:
3xi0-4. The stabilityis obtainedwith pulsewidth
modulation, _g at a switching frequencyof 20kHz with
full current switching. The converters are housed in 200
cabinets located on top of the storage ring tunnel. Raw DC
power is distributedfrom 80 AC-to-DC power supplies, four
at each of 20 locations around the storage ring. Voltages,
cm_rents,and_ arecompm= monitor_andlogged
for the converlm_andnmgne_. Ali conv_ and_ are
watercooled with the flow and Wessure monitm_ at the inlet
andomlet of groups. Wateris inlerlocked with the raw power
supplies andnot the individualconveners.

I. INTRODUCTION Hg. 1 Oneof the 200 storagering convertercabinets.
Ali 680 unipolarswitch mode DC-to-DC convertershave the
samecircuitdesignandcomponentswiththeexception of the
current measuring device, the reference _,-'gital-to-analog
converter(DAC),andtheinputcapacitance. The quadnqx)le
converters can operateat aDC outputcurrentof 0 to 460A and
the sextupoleconveners from 0 to 200A. The outputbus has
a seriesdamp_ lowpassfilt_r."l'bsmisalsoa 5(XIresist(x
across the magnet bus to parallel damp the cable used to :iii
connect a converlex to the magnet. Ali converters are water ._

•._._.:

A totalof up to fourunipolar(quadrupole/srxtupole)Fig.2 Oneofthe400quadrupoleDC-to-DCconv_.

convertersalongwithup tofourbipolarcorrectionmagnet II.POWER CIRCUIT
convertersam _ ina5ftx 3ftx7ftcabinet.Eachcabinet

alsohousesamicrc_ and_ cardstomonitorand The unipolarconverter'spowercircuitisa buckconverter
controltheconveatetsandmagnets.A cabinetwithconverteroperatingintoan inductiveload,one of thestoragering
chassisisshowninFig.I.Thiscabinetisusedtopowerone quadrupoleors=xtupolemagnets.Thiscircuitisshownin
magnetgirderintheAPS storagering._ am 40 ,_ctorsFig.3.Thechargingvoltagefromtherawpowersupplywas
withfivernagne4girderseach(fiveconvertercabinets)andone chosentobe 2 2 timesthevoltagedropof themagnetat
insertiondevice(lD)girderpersector.Eachpairofsectorshas 110% offulldesigncurrentwitha -10% lowAC line.Two
fourraw(notregulated)powersuppliesfeedingthe,convertersDC voltagesam beingusedtosupplyallunipolarDC-to-DCconverters.
in the two sectors. The raw power supplies for two sectors

also wovide mw control power for the converter cabinets, CircuitEouations
groundprotection, cmwT .u/shorring circuitfor the DC-bus The switchingtimeforone cycleis Ts=50/tsand the
feeding theconvaler, andwaterflow interlock.

switching frequencyis

One of the 400 quadrupoleDC-to-DC convmers is shown in

Fig. 2 __q__ je_ 1'h'"b"_'"'_m'°"'_''_'h"_'_'"'h°r'd
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Fig. 3 A single line diagramof the DC-to-DCconverter

± III.CONTROLF. 20tHz. (1)
7": Control is divided into two parts. The firstpartis a hardwired

In this circuit theswitchingfrequencyis maintainedconstant clampof theDAC thatcomesfrom theraw powersupply.It
at 20kHz and the switching element, insulated gate bipolar is applied when lhc main contactor in the raw power supply is

transistor's(IGBT) on time (t 1) is m_aed to regulate the open and is removed a fixed time after it closes. The second
nmgnetcunem. The IGBT'sdutycycle is part, performed by a computer using bit bus or RS232

communications, raises and lowers the reference DAC andt,D
"_'s" (2) resets the DC-W-DC converter and magnet interlocks. This

reset (s3rstemnormal) is requiredbefore the mw power supplyThe raw DC power supply voltage is given as V, lhe magnet
inductance as L, and the circuit resistance as R. The interlocks can be made up and the main contactor closed; it is
normalized inductertimeconstant is also imrdwired.

L

_' = Rx--_ " 0) Major componentsof the DC-to-DC converter'scontrol
circuitsare:

Minimummagnetcurrentis 1. An analogreference. Developedby an 18-bit DAC, it

lt_,,,,)=T 1-1 , (4) uses only the 16 most significant bits. This DAC is
counted up or down I least significant bit at a time.

maximum magnetcurrentis 2. A directcurrentcurrenttransf(mner(DDCI3 is used for lhe

Iu,,, ) = -:-_Jl +1_-_-_--jj,// (5) for the sextupoles. The DCCT has a bandwidth of 50
kHz, a ratio errorof 50 ppm thatchanges 1 ppm/°Kand/or

and thepeak-to-peaknmgnetcurrent ripple is 1 ppm/monlh. Its linearity error is < 20 ppm and offset=i..., (6) error is < 10 ppm. The Zaran shunthasa temperature
coeWtcientofresistanceof:P.3ppm/°IC

ILO,, ) IL(,,,_) Z_ ,_ 3. A high-gain, slow-currenterroramplifier. This amplifier

(D) + l(e,_) with a 0.3 pLV/°Cmax offset voltage drift, together with
., the current tranductor,allowstheregulator to operate in

0.8M 460.1250 460.0996 0.025340 2.754E-05 the storage ring environment without temperature
Quad(033) compensation(anoven).
0.6M 460.4848 460.4614 0.023452 2.549E-05 4. A real-time, applied-voltage ramp circuit. Since the
Quad(0.39) current'srate of change is slow compared to the 20kHz
0.5M 460.4159 460.3894 0.026449 2.875E-05 switching frequency, the ramp generator (integrator) is
Quad(0.34) reset by the voltage across the freewheeling diode during
Sextupole 200.8274 200.8135 0.013921 1.513E-05 lhenon-conductingperiodofthelGBT.
(0.49) ' 5. A very high gain comparator.

Table 1. Magnet ripplecurrentoperating at rated current. 6. An IGBT gate drivercircuiL
7. Switchmode control power supplies operating at

-RX)kHz. Since the total control power needed is
<<150W (the upper limit for flyback configuration), and



tt '_t

the varied voltage outputs requiretransformerisolation, a Ali of the APS storage ring power supplies will be test net in
switchmodeflyback topology was selected, a temperature-controlledroom with the temperature raring

between 20°C and 50°C, even thoughthe ambienttemperature
VI. IN'TEP,LOCKS andMONITORING in the permanentlocation will be 24°C + 1.5°C. A test runof

the temperalm'e-controlledroom is shown in Fig. 5.There are three groups of interlocks: the raw DC power
supply, the DC-to-DC converter, and the magnet interlocks.

Theyareali hardwired.Thedc-to-dccoo_ haseightbinary 5 5 8OO,n Tern3eratu
interlocks and two magnet interlocks. The magnet's binary 5 0 Lfla.• •

interlocks are two chains of temperatureswitches per magnet. 4 5 fr ' ¢vlrv_
The mn binaryinterlocks per DC-to-DC convener/magnet are f ],
ANDed into a single hardwiredsystem nomml andconnected to 4 0 \the raw power supply. Anyone can shut off the raw power 3 5 /

supply by opening the main contactor and clamping the DC- 3 0 / "N_,_
to-DC converter's reference DAC. When the raw power [ _,_
supply'smain contactor is open, the outputbus has a shorting 2 5
(crowbar) switch across iL The raw power supply also has 2 0 ._,ut, oJ ""_

common interlocks for the DC-to-DC convertersand magnets, oG eo co t,.. ,- m o_ m r,.
These consist of magnet and power supply waterflow and ._. .cn.. ._. .o. ._. ._. ,-- .m.
groundcircuitovezcurrent, m o ,= c_ o_ co _:

Monitoring is accomplished by power supply control units Fig. 5 Room temperatureduringa 5..hourtest mn.
(PSCUs). Each DC-to-DC converteris monitoredby a PSCU
combining ten binary interlocks to eight, selecting four of the The testing plan is to cycle each DC-m-DC converter to
five analog temperature signals and the precision analog-to- maximum and back to mimimum to verify _ operation.
digital convener (ADC), and logging the data. Also, the Ali converters are set to maximum design value and the
PSCU used to monRor and control the raw power supplies in temperature is raised to 50°C. lt will be held at 50°C for one
two sectors monitorswater flow andpressureforboth magnets hour, then lowered back to 20°C and held there for one hour.
andpower supplks. The tempemtm_ is then cycled back to 50°C and held. The

output currents of the DC-to-DC converters are randomly
V. TEST SET UP AND RESULTS variedundl we have mn a minimum of eight hours. The unit

Four unipolar DC-to-DC converters were installed in a data will be checked and, ff acceptable, the conveners will be
convener cabinet with the outputs connected to magnets or instaned. Failedconveners will be _ and
dummy loads. A local computer connected to the PSCU
controlled and logged the following 8-hour test run during V. REFERENCES
preparationfor large scale testing of converters. The test 1. D. McGhee, "Status of Magnet Power Supply
results of one of the quadrupole converter's output current Development for the APS Storage Ring," 1989 IEEE
wansductorduring this 8-hour runis shown in Fig. 4. ParticleAccelera_ ConferenceProceedings,March1989.

2. Rudolf P. Severns, and Gordon E. Bloom, "ModernDC-
to-DC Switchmode Power Converter Circuits," Van
NostrandReinhold Company, 1985.
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