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Introduction

Because of the limited space available, this
paper is being written with little introductory
matanial A Aianiiaad anm A Flha mrrana 171 DD Ma mnmnd
wavci lal, Ul Ulrovusolull Ul LAIC UvElall ol Naglicu
Power Supply System that was covered in the previous
Accelerator Conference paper.'!) Rather emphasis

ia nlaped an the harduars that haa haan nradiinad and
1S PiaCcd On ag nardwart that aasS géehh proGuced and

ny changes that have occurred in the major techni-
cal components. At the time of the conference all
of the Injection and Beam transport system is in-
stalled and beam has been run down the South Injec-
tion tunnel two-thirds of the way to the ring. The
chopper system for powering the Ring Bend, Quadru-
pole, and Sextupole circuits is prepared for instal-
lation when the region 8 surface building is avail-
able for occupancy in early April, 1979. The last
major system, the bipclar Trim and Steering supply
system is partially completed and orders for the re-
mainder are now being placed for delivery in June,
1979. The following sections will describe each of
the systems in more detail.

Chopper System

The chopper system powers 19 separately current-
regulated 400 amp-maximum magnet circuits and one
TUOD amnomavimim hamd masnat ainenit Of the 19
1400 amp-maximum bend magnet circuit. the 19

circuits there are 9 quadrupole, 9 sextupole, and

one Wiggler families of magnets. All the circuits
feed qfrwnc': of magnets distributed around the vwng

from the main power supply location at Region 8.
Five of the 400A circuits with high numbers of mag-
nets around the ring require two choppers in series
at Region 8, and the bend circuit "has suppiies at
Region 12 and i in addition to the two choppers at
Region 8. All the choppers at Region 8 are fed
from two 2 MW-maximum DC supplies which will be dis-
cussed in the next section.

The 400A and 1400A choppers are designed and
constructed to be as similar as possible. The cir-
cuit configuration used is shown in Figure 2, with
the design equations listed below. (3) The tw
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o}
types of choppers are mounted on similar sized
inum channels. They differ in the values of

inductance and capacitance used, and in that the
1UNOA unit has 2 sappnd 4—huwwc+nw uhinh g altan_

L5UVa Uil nas a sSecond LnyrisStier wnlln 1S a.ntler-

nately fired with the first. The 400A chopper is

shown in Figure 2 and the 1400A unit is shown in
c‘nﬂmn 3 mounted in its rack next to one of the 2MW
supplles. The racks for mounting the 400A choppers
are functionally identical with those of 14004 units
and contain all the utilities necessary for opera-
tion. These utilities include the 1nput and output
terminals and DC connections to the chopper channel,
input current-limiting fuse, quick-disconnect
cooling-water circuitry, air-circulating blowers for
cooling the commutating capacitors, current-monitor-
ing transductors and differential current-detector,
firing pulse cables from the remote controller, and
protective interlocks and indicators. The trans-
ductor and differential-current power supplied re-

side in a chassis at the bottom of the rack (not
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shown in Figure 3). The firing pulses are also
routed through this chassis on BNC tee's {(for moni-
toring), the cables having come from the remote
CAMAC crate where all the chopper controllers are
located. The coaxial, firing pulse system termin-

ates in 50 ohms at the pulse transformers located on
the chopper channel.

Substantial audio-noise reduction is obtained
by employing panels made of ceramic ceiling-tile
backed hv R/R" sheet-rock r~1nhf ad1agen+ to the
chopper channel to enclose 1t in the rack. The top
and the end panels are immediately removable to
allow quick access to the chopper channel for test-
ing or replacement. The 15db reduction of the pre-
dominantly 6 kHz noise obtained by this technique
reduces the ambient level right outside the rack to
62db. The substantial volume of space still remain-
ing in the racks allows for the possible future add-
ition of an output filter on the choppers. Filter-
ing is not necessary to achieve the desired 100
ppu-or-less magnetic field ripple with the choppers
running at 2 kHz, but there could possibly be prob-
lems of noise coupling into adjacent control-and-
monitoring circuits from the water-cooled cable runs
around the ring.
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done in a 1MW tes
at LBL This faci
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controller used as the 0 to 600 volt Du supply for
the chopper family. All the choppers have been run
at rated load for at least an hour at this facility.
A 14004 and a UYOOA chopper were also run simul=
taneously from the common DC supply to check for
possible interactive effects. The controller boards
for both units were mounted adjacent to each other
in a CAMAC crate as they will be in the final
installation. No problems were encountered in these
tests,
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een
ity located at the Bevatron
1so provided the means for
e full-wave-bridge thyristor-

Previous developmental work at this test
facilify led to the adoption of the current-commu-

Al A AT At n\nnvm T T4 mima 1 Tha f1nat
bdeU L;HU!J}‘C‘ C1r CULL Sluwi 40 Vigpurc L. il 1i1 0oL

type Qf circuit tested was described in the last
paper{ ) and employed voltage commutation. In

this tvne of circuit a voltage of the order of the
tnls type Ol Clrcult a veiltage oIl Lhe order the

supply voltage is applied across the turned-on
chopper thyristor at the time commutation is to com-
mence. The commutation worked well, but voltage
transients caused by the rate-of- change-of-current
through unclamped stray inductance at the end of
commutation caused commutation thyristor failures
and seemed difficult to correct. This circuit,
which worked well at a 300V supply level using 900V
thyristors, proved difficult to upgrade to 600V
operation with 1200V thyristcrs. Operation with
thyristors rated above the 1200V level is undesir-
able because the turn-off time of the thyristor
starts to elimb beyond the 15 us provided by the

Tk A MOAN i Tk e T a3 L o Ak .

Westcode R220 units employed throughout the choppers

The current-commutated circuit doesn't have
Flan nAaaadihild ~F mAv At S Aldarn Wird 1l Aon on thno
the possibility of inductive voltage buildup on the

commutating thyristor because by the nature of the
circuit it is not in the current path at the time

inst befaore the load current commutates from the
JusSt ogliore tne i1oad current commutaies lrehl tae

source-commutator circuit to the free-wheeling-diode
circuit. However the voltage on the commutating
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capacitor does rise to a peak value above the supply

voltage at this time as a function of inductance in
the circuit, and this ecapacitor voltage is impressed

vnge Clrcull, N13 CapacClior o.tag pressed

across the commutating thyristor. So a satlsfactory
balance must be struck between this peak voltage,

and the minimum allowable inductance in series with
andg the mipimum a.iifwabt.ig inauctiance ik SerledS Witn

the DC supply as determined by the di/dt capabili-
ties of the chopper thyristor. The current-commu-

tatad ninmmi— hahavag ag doagnrihad in tha Dawuan
Laiteq CIrGult 0€naves as GEesClrided 1in tnc uUEwWal

textbook.(2) with the exception that the induc-
tance in series with the DC supply is not included
inm tha avnnaaadana It il nanantly tha Anvrmant_anm.
in wne eXpressialio. uiitic PECChvLY i€ CUIrrehv=Con=
mutated circuit has not been as widely used as the
voltage-commutated type because of the 50% increase

Frnaimnad in Fha Foann o Aaff Fima Rapant aduannaa in
incurred in tne turn=0Ii UTime. necent alvanies in

thyristor design have substantially reduced this
time (with the Westcode R220 the increase is only

104\
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The commutator LC circuit is designed such
dlhnt +lhhan rmanl, sinme Annnant da anmvavimabale Ford An
tnat wne peax |¢n5J.u5 Current 1is approximavely TWice
the rated DC output current of the chopper. Choos-
ing 22 us as the Ipeak/2 time results in a 33 us
half_Avnla $3ima and o 18 Ua kot d reguency
half-cycle time and a 15 kHz commutating frequency.

h
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sing 22 Ms turn-off time on a 15 us device provides
the internal overcurrent sensor the means to commu-
- £ A Faa miainme a1 é Tirmand 1T $ha ~Anm
a
u
h
1%

off a fast-r 18ing rauLuv-currenc., ailx one COM~-
i

ng cap301tors are of 5 UF value; the 4004

e the 1400A using ten.
T~ mea Alimmant dnm anak AamanibAan Ta annnAavimatraly
L€ rmsS curretiv 1l €aln Capalivlr 18 dppriURlliaicLy
1204.
Man AnmmTlata Aaandmallam £an AhAannAanm Sy
10T LU IJ}JJ.CL;C CVUHLIULLCI 11Ul a \,uuyycl Lo
built on one CAMAC card (Figure 4). This card
receives its reference signal as a 16 bit word,
RPN thn trmanadiiabanm PanAdhanl

differ clxula;;y buffers the transductor feedback Sig—
nal, amplifies the error signal and converts it to
24 volt firing pulse via a ramp generator, compara-
A wA 1ag amnlifian Thara amas atcht Anwmda nar
tor, and pulse amplifier. There are eight cards pe
crate and four crates for the system. The whole
system operates from phased-clocks which are phased-
TAnrbard &~ ~ N4inla Af tha AN Us 1ina Praminanay in
locked to a multiple of the 60 Hz line frequency in
the vicinity of 2 kHz. The system can also be oper-
ated from an internal, variable-frequency oscillator

trn a1l A anannhine fan naaaihla 1asdad_twranamiaginn
L0 4a110W 5€arcning 10r poSSivic 10alGei-Lransmiission-

line resonances in the magnet circuits, and then
choosing an appropriate line-synchronized frequency.
Phased~-clock yu;ocb are availabe from the S:y'Suclu
clock at 300 intervals, in order that the firing
setup of all the choppers being fed from a given DC

aunnly can bhe chosen to minimize
supply can be chosen to minimize the current ripple
PP

in the capacitor bank on the output of the DC supply.

no~ Qeraba

Crarmem s ™
Y.L, OUPPLY oySUEM

A 2 MW DC supply is shown in Figures 3 from

haale adide Ao nabtad hoafara +ha 1U0NA Alanner

N ia
ne dacKk side. a3 NOvEG 0€Ilre ui€ isuvua CAGPDEr 138

ot

e
also shown in the adjacent rack because the racks
will be Shlpped to the PEP construction site in this
fashion. This group of 30" d agep Aauno, plus an
identical set but of the reverse output polarity,
comprise the DC supply system for all the choppers.,
Tu'c‘:y' are located in three rows of 8 racks each. Two
of the rows are located on one side of the DC
supplies row, and the other on the opposite side.
The 4004 choppers are each fed from the DC supplies
via separate quadraflex cables composed of four
4/0's with a ground return in the center, which
originate from along the busses at the top of the
back of the P.S. rack. These separate feeds are
necessary to prevent interaction between the various
units and to minimize the feed inductance. The
cable trays are routed to the various choppers such
that the length of feed-cable is the same in all

Annpa and annh dmdiatones de ame P vy
cases and each inductance is appr tel y 2.5 Hh .

Because of the lower inductance required to feed the

1400 A choppers of 0.75 uh, a parallel plane bus

with 1/4" insulation separating the busses comes
H1rchf1v from the D.C. qnnn1v bus nfwnﬂfnwa and the

multlple 4/0's connecting the terminals to the chan-
nel are tightly bundled. The choke for the LC fil-

ter ig at the bottom of the rac

ter is at the bottom of the rack.

The capacitor bank on the output of the power

annnly ie alan designad A minimine the r\n"nu"
supply is alsc designed to minimize the ou
inductance. Separate, equilength quadraflex cables

go from the bus structure at the top through fuses
h,

ta each of t % panzcitor banks The leads are

to each of the
connected with
and each bank o

hy undaing a oo
oy unGoing a COU

14 capacitor banks., The leads are
quick-disconnect Multilam connectors,
f eight capacitors is then removable
e

1y f uinsonita Thare are foun

uple of wing-nuts. There are fou
pairs of series 3,100 pF, 450V capacitors to each

bank for a nominal 504 rating, making a total of
R7 anN UF and 7004 Fanh hanlr 4a¢ fuieed with indina_

Tiyuvu o anG (vva.  2ala dand 1S 1uSeh Wiin 1naica
H

tion at 120A. The fuses are intended to provide
disconnection if a capacitor in any bank shorts,

whan tha Fatal Anrnant Stanad A Antrnant
where the total current is monitored uy a current

transformer which provides a warning and trip-level

indication. A failed-fuse counter determines the

allauahlas Tauval farn tha +atal ournant in the
ailidwabie ievesr [0r Tne tolail rms current in ine

capacitor-bank. The sum of these capacitor's fusing
energy is half the clearing energy of the 1600A fuse

in fha hir ahAannan an that ¢ha phannan fian will
in e O01g Chnopper, S0 indv uviae ChnOpper 1uot Wiii

always go first in the event of a load-side chopper
fault. The 700A rating is just above the rlpple
in 1 A

ouvnant {f +tha Rand Cha

nna vati
current il tag oenG unlppe H

is opera
half-voltage.

Tha il se + A 1 M 1

The 6-pulse thy o ler i u
on the front of the power supply. This 2MW un
purchased from Research, Incorporated
&9 /ULy arnAd mnacd Ana AT E wt a1l A -
$3/KW, and provides a voltage-controlled P
fast-turnoff for detected over-current in any
three-phase 480V lines. A pneumatically actuated
ahantins_han aan Anluy kha annliad wuhan tha Adnand+
shorting-bar can only be applied when the circuit
breaker is tripped and all voltages at Regions 8,
12, and 4 are detected at zero volts. The bar

ahartg the DO sutnut valiase  thae 2 nhasa UROV
snorits tne 00 oulpul voitage, the j pnase soUV

input, and the output terminal of the 14004 chop-
per. The chopper output is included in this set to

nrevent anv possibility of voltage from the Rend
prévent any pOSS101i1iTY Ol vOitage Ircém Tnc oend

Supplies at regions 12 or 4 appearing at region 8
while the power supply is open.

Trim and Steering System

40 volt, 1000A
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unit used to provide power for the 24 transistor
actuators located above the supply in the double

nanls Thara ars nine of theas nower sunplias for
racg. 1€re are nine oL inest pOwer 3UppLics IOr

PEP: one in each of the Instrumentation and control
racks at each region, and one each Regions 8 and 10

armA aankam AN A nunAviAa Pan s i A Tridantian ava

aillu oTi uwui V. wu pl UViUuT 11Ul vai J.UHJ BN A A ] o.ya-
tem requirements. The supplies are 24 inches high
and utilize a 480/34V three phase transformer with a

gtar secondary The rectifier at the laft
star seconaary. ine€ recuirier aoacmua.y av ne leit

of the rack is fed from the transformer with 4/0's.
The diodes are single-sided water-cooled with thin,

Tanse apas . ennoar b tha athansida Tha
1arge area, cOpper ousSsSe€sS On tne€ Ounersliae. ine

buses make up to water-cooled 25 uh chokes, which in
turn connect to the output vertical-bus-structure
relad Ay nma +tha Aantan AF tha winamuy in tha
Wnicin runs-ups tné center Ol e wWireway in ine
middle of the rack. The output filter capacitors
connects directly to the busses via short leads to
mindmiean ¢ha InAdnabanan With thia £ - QN W
minimize the inductance. With this £j = 90 hz
filter a modest reduction of approx. 1/10 is obtain-
ed for 360 hz ripple components, but far more
importantly the commutation spikes are substantially
reduced. The switchgear is located in a box in
front of the transformer and the ON/OFF chassis and
Ahaamdia an at ahanlda Tawval

a N +hn
meter chassis are located at shoulder level in the

racks. Each actuator is fed from the DC buss



through current limiting fuses of appropriate size
to protect the particular magnet load on each
actuator. The primary protection is in the
overcurrent circuit of the actuator which has a
choice of three settings.

The actuator chassis is shown in Figure 5 from
the top. There will be 184 of these units initially
installed in PEP. The nominal rating is % 37 V at
604, but it is being used for 1054 applications.

The determining application criteria is that the
dissipation in the actuator in either polarity out-
put cannot exceed 800 watts. The multilam connec-
tors are all rated nominally for 90 amps, and the 50
watt shunt resistor must be changed to a lower value
of resistance for applications over 60A.

The amplifier and control card on the right con-
tains: (1) the buffering, amplification, and com-
pensation necessary for the 100 ppm current loop
and 40V output level, (2) status sensing for over-
current, overpower, and glitch detection, (3) status
output both digital and visual. The heat sinks on
the left for the PNP and NPN transistors, emitter
resistors, and shunt are water cooled and covered on
the top with a printed-circuit board which provides
the emitter bus on one side, the base circuitry on
the other, and pin mounting sockets for the transis-
tors which are installed from the bottom. The tran-
sistors are fastened to the copper heat-sink through
"pem" nuts installed in the copper. Soldering the
output-connection braid to the p.c. board emitter
gives ample surface area for 60-80A operation, but
should be doubled for higher currents.
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Fig, 1 Current-Commutated Chopper Circuit

4074

Fig. 2 400 amp Chopper Module

Fig. 3 1400 amp Chopper and 2MW DC Power Supply

Fig. 5 % 37V, 60A Actuator




