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Introduction 

The S.U. main accelerator power system is one 
of the largest, most powerful, and most sophisticated 
poser supply systems ever developed for accelerators. 
The system derives it’s pulsed power directly from 
the po’&‘er lines without the Ise of energy storage. 
The power 1s converted through a large number of 
;vlt-iel;y separated individual phase controlled rectifier 
supplies and regulated to the accuracy of a reference 
type sLlpply. It i.c the hardware, operation, and reg- 
ulation of this poiver supply system that is described 
in this paper. 

K’hen evaluating an engineering system, especially 
one a.3 complicated as the NAL main ring power sys- 
tem, it is important to understand the criteria under 
bvhich the sysrem was designed, to put into perspec- 
tive the techniqlues used in the design. The following 
i.5 ;I list of so,me of the criteria used in developing 
the system. 

Generate a haslc guide field for the accelerator. 
Utilize the flexibility of the separated function as- 
uect of the -magnet system by separate controls of 
the bending and focussing magnets. 
Regulate the bending magnet fields at inJection to 
better than . Ol’:,, synchronize with the booster, 
,md maintain a repeatability of . I”:, lB/B for the 
rest of the accelerating cycle. 

Track the quadrupoles to the bending magnet field 
to about i. 05 in tune over the accelerating cycle, 
and regulate the slow Fxtraction tune to better than 
.OO3 :n ttne. 
Xlaintain a voltage to ground on all the magnets of 
approximately 1000 volts maximum. 
Puise the system directly from the power lines 
.viithoiut rhe use of rotating elluipment. 

J,i&e the power system from the power lines with- 
out the use of rotating e ,uipment. 
!,l.ilte it inexpensively. 

C,tch of the-,c rerjlilremk’nt5 ‘.bert: molded into line 
t!~e most po~:9~erf;il pi,wer .s;is ,tec-s in accelerator9 
lay, 3s :vell as A s;;sterr which is ‘:ery highly reg- 
itell. 

ir. I)-;erall prospcctil-c- of the .suppiy is indicated 
t!le ‘i~llo~,~-li~;~ .3‘,, ernil system response. 

7iI:~4 IIT: toi- !;;,ll.: ~~‘NcI- 
\I:tstn:~irn c *rreni: 

3 iC nlt:~:3’.VJ.ttS 
7:Goc arnp~ 

~l:-lulr:7lini occrall. 
,ra1r;i2e n;, :I:aLl 

ILl.txtrll~rr!i ii~15 po’“vei‘ 

57, 000 VoltP 

120 megdwatts 

II: c.rt1c.r fc! I? ilt.:lz ths-1 Cl(?:<iL;.lit~~ of ,I .;<:p,ira:crj 
.’ 111c’t iI 111 :rl‘t.i>jor itill‘, thf: l,encling n-,:~.znel.s are pc,:,\-i:ri:tl 

- 
, 

( )P,(~i..t+t~~j I,;, I ~:i:.c‘r~ i-if.‘- l:~::,t:;lr.c,!: ‘,.;;orLatton 

independently of the quadrupoles. The magnets are 
connected in series to a folded bus located so as to 
result in equal and opposite currents flowing in adja- 
cent bl;sses. The bending magnets are interlaced on 
the two bending magnet busses to minimize the effect 
of electrical standing waves on the proton beam and 
allow for a larger number of power supplies to be 
connected to the bus and at the same time maintain a 
low voltage to ground with the same number of service 
buildings. The quadrupoles are also connected to a 
folded bus. The horizontal focussing quadrupoles are 
connected to one of the quadrupole busses and the 
vertical focussing quadrupoles to the other bus. ‘This 
allows for the possibility of splitting the tune of the 
accelerator by diverting current from one of the bus- 
ses to the other across the fold. 

Power supplies are installed in the 24 service 
buildings and connected through knife switches to the 
bus 50 that they may be removed or added to the cir- 
cuit at will. The bending magnets have one supply 
connected to the ” upper” bus and one supply to the 
” lower” bus in every service building. This results 
in 48 power supplies interlaced to provide equal num- 
bers of magnets between each power supply. (See 
Figure 1) The ” upper” bus or horizontally focussing 
.Iuadrupoles are connected to a power supply at every 
” 2” service buildings and the ” lower” bus or vertical 
focussing ~1~~adr~poles to a sllpply in every ” 3” service 
buildings. This results in a total of 12 quadrupole 
power supplies. 

The busses are all water cooled and serve the 
function of not only providing a current conductor hut 
also the water supply for magnets and power supplies. 
The isolating knife switch for the supFlies serves as 
an easy method of removal of supplies as well as for 
segmentation of the magnet strings for ground fault 
Isolation. 

Power Scpplies 

The power supplies are 12 :>hase secondary phase- 
controlled thyristor rcctlficr. * Each supply is rated 
for a no-load voltage of 050 
b megawatts at 70Gb amps. 

xrolts .ind a peak power of 
The RhlS rating of each 

supply is 3 megawatts. The supplies consist of an 
outdoor silbstaticin, indo(Ir rectifier, pas:*lve filter, 
and f’iring control. (See Figure 2) Supplies are also 
e plippcd with Rypass Thyric;tors designeLi to i~yp:iss 
the current when the s~lpply is not needed for gener- 
sting power. The indoor rectifiers consist of a mcd- 
Jar dcsik:n for ei-i.i,;J rcpiaci?ment of !hj ristors. -I-ho 
nodules, hiis, and filter are ,111 water cooled to min- 
imize the size of the w;~1ipmont :-intl ths cvst. rj‘il<: <lit.- 

door substation consists of’ two 15CO k\ 4 exrended 

dcilta prim:Lry, wye secondary tr;rcsfr)rmers in one 
tank, phased tl-j prod jco 12 phase rcctifical icln. ‘I’hC 
pr~rnary ;s 13. !i :ki 3rf ;vith a ‘xc~I,u?~ .I!-tf;tkt:r, rlis- 
ci,nr.ec,t , :tnrl f’.ise,s, .t:i the tne.u~s of :sol:i?ink: t!rcb 
-,:ipl~ly :.tntl clo:.irinc f,liilts. The I,xs.sive fi1i.i:r I:oI~=, i,-tl.Y 
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of a series indj.Ictor and tuned trap network, tuned for 
720 Hz and 1440 Hz. 

Ground Monitoring System 

Due to the large number of power stipplies and 
their interchangeability, it is difficult to establish and 
rr.aintain a fixed ground point in the magnet string. A 
fixed ground is usually t;sed to insure that the voltage 
to ground on the magnets remains as low as possible 
and acts as a means of detecting ground faults. To 
get around the fixed ground problem, a so called 
I’ Floating Ground System” is used. Rather than 
grounding one point in the ring, all terminals of each 
power supply (after the isolating knife switch) are tied 
to a common wire via a 50 k.Q resistor. The common 
wire runs all the way around the ring and is terminated 
to ground through a ground relay. If the average volt- 
age to ground of all the power supplies is zero, then 
no current will flow from the common <wire to ground. 
This, of course, is the case when there are no grounds 
in xhe magnet system. If, however, a ground develops, 
the average voltage to ground will not be zero at some 
time in the cycle, resulting in ground currenr; and a 
ground trip. The present system is adjusted to trip 
with an average voltage of 20 volts off ground. This 
allows for the detection of grounds at one point in the 
ring of less than 5000 ohms. 

The common wire is also an excellent means of 
high-pottmg. High-potting the common wire and 
opening the bus at one point results in a voltage to 
ground pattern around the ring in which the location 
of the ground fault can be pin-pointed. 

Power System 

Individual power supplies are combined at the 
13. 8 kt’ side at each service building, and fed by 
direct buried 750 MCM tri-plexecl aluminum cable. 
Each half of the ring is fed from a 40/53 /66 MT.1 

ma-ter substation transformer connected to a 345 kL’ 
tie line to Illinois’ Commonwealth Edison Comapny’s 
power grid. (See Figure 2) The 345 k\. line ‘was u:,ed 
to minlmise the effect of the pulsating load on the 
po’.ver lines. 2 

The 345 k’b7 line has a short circklit capacitg in es- 
ce-;i of 13200 hl’b 1, resulting frt,m li so~lrce ir-npecl,ince 
0 f . ‘,‘bn resistance and ?. 1 W reactive. This means 
th,kt the cPfcct of the p;.lls,ition load on the 3,15 LLL’ line 
111 tern:.- of voltage drops, is primarily determined by 
tne rc:;tctivc comp0~ent:- of the pol.vCr. 

Contri:l 

l,I2Cil ‘jO’.V(fI- S,lp!lly i.-; :-om;,:.c:iy controlled from 
t 11~’ i-1 am con? rol f-c), ,rn. incli~:irLial sii~)plies rn;~y l;t! 
t:lr~ilcd oc, off, or reset mdi~:iduallp or ~lg,L:r~>gatel~~ 
fr01:1 rhe msin Cor.trol corny iler. iSee f,‘izpire 3) .X1-,0 

in:iic;:tted ri?mci?clv i:; ‘,vhhether :L -11pp1y has over- 
: ~~~rcllte~l cir ~.vIlctliei~ the : liI:pl;, i.k, 11)cL.L.d ollt i,i’ thcl 
cJ,ri:Lilt tj,y ,,sct 0 i rhi- IcntCc :;‘.vitchcax ~;ti i!i:;c:,nncct. 
‘I‘lie 10ha::t ,*ngle, mti thc:rcfori: the v~l:-,r;;re, ;Lt ~whicli 

till, ;lh~-t~c:tl :!;rr k .< i[)!jl,y !;: :ii C:i>C!lmLLte, i.: :;et i>,y L\ dif.:tl- 
.il :‘it,m :~ellcr‘~tt~,t‘. ‘I’llC c,r.:;y ;in;i.loi ;, i~~n;~l i,-; ri i~i: 11~ 
.-,~~.nc,:?roni7i!l;: :-:i~:,n:il. ‘i‘llc ~11 digil.:~l sy:-,W~il :i’;~.& .i:+:d 

to reduce the possibility of noise in the system and 
provide for more exact firing pulses than are nor- 
mally obtained by conventional firing circuit. Phase 
angles can be set by this firing circuit to an accuracy 
of. 5 electrical degrees with a jitter of approximately 
*. 2 electrical degrees. The digital nature of the firing 
generator makes it also directly compatable with the 
main ring digital multpliex system. 3 All supplies, 
except the fine control supplies, are equipped with an 
all digital waveform generator designed to generate a 
simple waveform of a rectify, bypass, and invert 
from fixed breakpoints. (See Figure 4) Breakpoints 
for this waveform generator are sent through the main 
ring multiplex system by the use of the main ring 
computer. 

Fine Control 

The fields in the magnets are monitored by a 
three foot bending m.lgnet installed in service buildings 
X2 and F3, one for the bending magnets, and one for 
quadrupoles. The inJection field :s monitored by ;1 
second harmonic field probe. 4 The probe, as well as 
a hall probe, is mounted in a bucking coil and placed 

in the three foot magnet’s gap. (See Figure 5) The 
second harmonic probe has a full range of *4 gauss 

and a stability of *. 005 gauss. The hall probe is 
adjusted to read +300 gauss full scale. The bucking 
coil is powered by a highly regulated current refer- 
ence supply capable of maintaining a long term stabil- 
ity of . 005%. The bucking field is set to cancel only 
the nominal injection fields, thereby allowing the 
second harmonic and the hall probe to operate at 
about zero field. Pick-up coils are also inserted 
into the 3 foot magnet and connected to integrators. 
One coil is ased to monitor the absolute field and 
another to give the difference between the bending 
magnets and the iuadrupole fields. Stability of the 
integration is . Ol?, over the nominal pulse width. The 
integrators are zeroed at injection, while the field is 
being monitored by the second harmonic probes. Wher, 
the second harc;onic probe runs out of range, the in- 
tegrators take over. The hall probe is used when 
returning to the inJection fieid xs a method of stabil- 
izing into the 2nd harmonics operating regioc. The 
analog output of each orobe is connected to :I mlllti- 

plexed 15 bit i- sign .1/D. The selection of the probe 
to be converted and the transmission of the data to 
the control room is accomplished by a separated series 
multiplex system between .A2, F3, and the control 
room. The upper bu:; F3 .ind the lower il.;:: -12 =~~ppl;c:~ 
are used as fine control sli:,plies, ant? the;; arc phase 
controlled cdiri-tc~rl~ thrc -I.gh !hc -;irle 1-1: ~lt~plc:~ s;?;.;tur,:. 
Tile quadr:ipole ;;upp!iec at .\2 ‘ini! Ii-3 are lilieivisc 
fine phase controlled. 

Rei:ulai.ion and C’ontrol - 

To ;;eni~r:ile ‘he dt:,~i~*cil riulrl, c1r.d ill --he .~.1,-,:e 
tima kce[j 1.i:~ r~?,ic,l ix,,<-: !)c);ver :--+:en 1);; t.he po*,t:c:r lini:.; 
to ii 171 inim 11rr, i:;>ch i; if>ply ii i!:,.ji\,i<]!i~>.!jL ,jl> iLcb(j :<- 
1’1111 olitpui \,iilt:lgc t>c:fore ~)ha~ii;g ;tP,oth:::* .‘I,f’i,.’ r; ;t 
0 f I I y I? a :i s . Thai is, in order to gf:ner:.Lle 1.!ie \o:ta:;i 
vi-: i~1ircd for ralni)iri,: t!le l‘ic:::i:; <,i’ lhe rna~ni~l~ .n- 
.li~;iclllcil .-Yl[>!,ilU.S :irt’ plJ;t.yed f~lll ” LlI/” iKl -~X’illctiti,il 
,r.;i1:r. In !‘I,,! r,i1 , c:1ie :-:~.!:i’l:: l’, ill I>(.! f’l-KL.>,. I i,,; :ii:r! 

Llio re:,t s.5 ill c:il.her i,c: VIIII:; p!3a<ec! <):I i,r ii> p;t:.::ccd. 
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The order of turn-on is determined by voltage to 
grol;nd consideration on the magnets. By so doing, 
the reactive component of the power re.icired is 
miclmized in all cases, thereby creating the least 
interference with the power lines. A second reason 
for turning supplies ” on” in sequence is that of reg- 
ulatlon. Since the limits of regulation are related to 
the power line fluctuations, the regulation is related 
to the number of supplies that are on at the time of 
the fluctuation. That is, power line fluctuations result 
in a voltape fluctuation on the magnets of: the number 

of supplies phased out of bypass, times the magnitude of 
the fluctuation. If, therefore, the minimum number 
of supplies are out of bypass at the time of the fluctu- 
ation, the magnet voltage fluctuation will be minimized 
and thereby the field fluctuation will be minimized. 
The smaller the number of supplies, the better the 
regulation to line fluctuations. 

Determining the power supply turn-on order to 
minimize the voltage to ground is complicated, there- 
Lore, a computer program was developed to determine 
the best turn-on order from the available power 
supplies. (See Figure 6) Another program calculated 
the breakpoints re.luired by the waveform generators 
from the desired carrents and the impedances of the 
magnetic circuit. All these breakpoint perimeters 
are calculated off-line, stored, and then sent upon 
command to the appropriate waveform generators in 
the order selected by the voltage to ground program. 
The results of the waveform calculation is a field 
which is good to ahout *3%, depending primarily on 
the po’wer line voltage and magnet temperature. The 
breakpoint perimeter calculations also generate a 
cleelred field program consisting of numbers repre- 
sentin$ incrimental changes of field as small as . 004 
gauss in a time slot of 6 milliseconds. (See Figure 7) 
The waveform program is transferred to a MAC 16 
minicomputer which is the fine control regulator. 

The &I,XC computer acts as the communication 
link with the field probes and the fine control power 
Fupplies a,; well ab the feedback network. The com- 
puter is run in real time by interrupts, which occur at 
at 720 Hz rate. A reset pulse from the main ring 
cvcle timer drives an interrupt level to synchronize 
the program with the booster. is a result of every 
720 Hz interrupt, the computer interrogates the field 
probes, ,which monitor the “endin? magnet and iuad- 
t-i?ole fields, converts i.he data into g,a~uss (depending 
[lpon the probe bein,? used), and takes care of the off- 
;rt:; in the integrators. The field measLrement,s 
o!>t,-rined ;ire .5 ublracted from the de:iired p’r0griirli 
“‘“IC] .iG_ , reilultinz irk an error sigcal. The digital 
il u::~wrs ;irI: m:mtpi.iidf.er:l in doiibls yrocea~io~~ in order 
ti: :cnernte ;in error +;pnal that contains the accurac>- 
of the pro::e beini: ~.;cd to manitor the field. T r.i: 
~:rror si:inal ia ther, normalized to the injection field 
,,c-;th the 1o.r est orrler bit in the car’ L ,)utiar erri)r si:;nal 
::N e in LI . %03’Y, of the lnlection field. The reduli.tng 
.crror slFn,il is gain compensated and sent directly to 
the: +propri;tte fine control supplies in terms of :X 
flrin,q p:l;i.qe ilti,;{lc. Tile ,I’l;“,irllp’)it:~-. arc bindled in j 
.- tn:ilnr m,mner :vitll the fteld rnt;isIlren-it:nts bein the 
dii’!‘i.:r*nc(< bel,.r. cl:n I hc hsnrfjnfi ma.;:net field dni/ lhc 
~~,,.t~lr- .polc l‘ir-:lilti, .tnil the pro~:r;tn: being; a pcrct:ni:~;:e 
of the l~cn~l~n:; tiiaqctt fi(:ld. ‘I‘he pcrconta~e of ” t,ine” 

can be modified by a tune program either in terms of 
energy, corresponding to saturation effects in the 
magnets, or in terms of t.ime (adjustments in the tune 
for extraction or tune bumps for better beam survival), 
The open loop gain from the all-computerized feed- 
back systems is fairly low in the frequency range of 
interest. -A gain of about 20 for the fast feedback is 
about what is obtained. Such a low gain feedback 
system would never be sufficient for the type of reg- 
ulation required by the ac:celerator. To obtain better 
regulation, a ” self-correcting function generator” 
technique is used. It is known as the ” Jpdate” system. 
There is also an output simulator program, known as 
” profile” , incorporated in the MAC computer’s cal- 
culations. Updating or self-correcting function gen- 
erator is a process of utilizing the repetition proper- 
ties of the accelerator pclse field to extend the systems’ 
bandwidth or overall feedback gain. That is, by 
looking at the error signal, over many pulses, slm- 
ulates the repeatable part of the error signal, and 
adding this simulated signal to the incoming error 
signal, the real difference between the measured field 
and the desired field can thereby be reduced toward 
zero. The limit of this system is related to the low 
bit accuracy of the update system and the magnitude 
and frequency of the non-repeating fluctuations. In 
the NAL case, the low bit accuracy of the measuring 
A/D, and the firi.ng circuit bit size, is the limiting 
factor. The profile is a program that remembers t.he 
gross characteristics of the fine control phasing pro- 
gram. It is generated at the discretion of the operator, 
and is used as a backup to the updates. Since it is an 
output phase program, it does not have the same 
stability problems of a feedback network. 

Operations 

The main accelerator has been operated at ZCO, 
300, and a small amount of time at ,400 Ge\- operating 
levels. The operation of the accelerator at levels of 
greater than 300 CeV is hampered by two things, at 
present. The contract with the Commonwealth Edison 
Company only allows for Joint power studies at levels 
greater than 300 Gel’. From studies over 100 CeV, 
the voltage fluctuation on the 345 kV lines is ir, excess 
of the power company’s recommendations. The second 
reason 1s that the master suustaT1on rransformers iire 
not rated for the pulsed load re.j-lired at 400 C.eI- .and 
IJeyotnd. ‘)OO GeV operation vvou!d, at prcscnt, require 
more real power out of Ihe substation than it can 
presently deliver. (See Figure 8) Operation at a 
3Cri CeT’ level !lati been contin.;mg for sever;1 months 
and :iecAy:j tc be LL roli&!e node r).’ oparrition. 

Re;ul;ttion 

‘I’he rcc,pll,xtion of the fl;it-t(>p conclilitn 11,1:-i ijcen 
l>etter than oripinnl!y dcsiPcl?d in term:; of the :,e:ndinf; 
magnets. The field values ha:-e been able IO hi; mam- 
tained at *2 ~~II+S for nearly :rll cnc:rzy levels. 1‘111s 
is primarily miu(: to the .\.‘I) mi~Lmum bit .+i7.e, no.LP 
in the .I/ ii, and tlic errors :ntrcA.cr:o ‘.i hcrl cil,itli~r:?, 
from the second har.m!,nic try t.!?c integr ~!or.:. it 
InJection, the reg:i,:ation 1;; ct)ml~.~?~t~lc t<> the c!i:-,ljin 
re,l,Wrirement;; of . (1 5 in l.iincT I’;,r tile qll:i~lr~ipcle reg:i:ia- 
ti:)n ant! . OV, ;8;r the l~e-.tllnJ;, if the int~:rpri:i.,ili~)n i,+ 
that . 01” m [:..IIx synrhr?nize with the t:oo:G::er. , ice 
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Figure ‘2) However, at present the magnet’s remnant 
fields, that is the average remnant field, seem to 
differ, depending upon the exact ?vay in which injection 
is approached from the invert or the recovery portion 
of The magnet field ‘waveform. At present, the re- 
sponse to the invert pcrtion of the program is not as 
reliable ;as could be expected. Noise has been inter- 
ferring Lvith the bypass portion of the firing generators 
in some of the supplies, resulting in erratic behavior 
in the invert conditions. 

It present, the program that calculates the 
turn-on order has some difficulties in the invert se- 
LIuence in exactly calculating the invert waveform 
generator breakpoint times. These problems result 
in an invert part of the waveform that does not have 
the stability desired. The instabilities change the way 
in which injection is approached, and thereby the aver- 
age injection field in comparison with the one point 
measurement at the monitoring magnets. At present, 
this invert instability re.lclres nearly . 3 seconds to 
recover to injection. The flat-top regulation, although 
it is within the . 017; for both the bending and quad- c4 
rupole fields, still presents difficulties with resonant 
slow extraction. A very small amount of tune change 

MAIN ACCELERATOR POWCR SUPFLY CISTRIBUTION 

results in large modulations in the slow extracted FIGI;RU 1 

beam. Active filters have been installed on all of the 
quadrlipole power supplies in order to reduce the slo\w 
extraction ripple. 5 Due to the separated function 
nature of the accelerator, and the fact that the RF is 
tlurned off during extraction, the tune is primarily 
determined by the quadrupoles and not the ratio be- 
tween the quadrupoles and the bending magnets. 
Therefore, during extraction, the measurement of the 
ouadrupoles is switched from that of the difference 
between the bending and quadrupoles to just the quad- 
rupole fields. An integrator with a resolution of 5 ,‘ /,, 
times that of the difference integrator 1s used. -‘Y Un- 

forrunately, however, the sextupole component of the 
bendmg magnets is not as yet corrected dluring extrac- 
tion, resulting in tune changes due to variation in the 
bending magnet’s fields, More work bvill still be 
required to reduce the modulation of the slow extrac- 
ted beam. 
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