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Due t o  str ingent requirements on the  epat ia l  har- 
monic content of ISABgllBl's magnetio f ie ld ,  the magnet 
power auppliaa for the half-cell  prototype must be 
dynamically accurate and s table  t o  within 0.017. of 
the i r  full-scale rating. Depending an the application, 
the full-scale current of various units  comprising the 
system ranges from .k 50 A t o  4000 A. The system, as 
crmstauetd in fu l ly  e m r o l l a b l e  and programmable ei-  
char manually or  with a control cmpuCer. 

The 1SABXL.m half-cell is a prototype of a segmedt 
of the  ISABkllg machine. It has been conettucted t o  
permis detailed evaluation of the proposed m a j p  em- 
ponents of the aecelsrator when operating as  f i  Bystem. 
The half-cell  consists  malnly of three full-peale 
supereonducting accelerator magnets, the  associated 
cryogenic plant. magnet power supplies, vacuum system, 
and control/monitoring crmputer hardware. Two of the  
magnets a re  4.45 m long dipoles with a design f i e l d  of 
3.9 T a t  a n d n a l  current of 3200 A, and the th i rd  is 
a 1.5 m long quadrupole with a f i e l d  gradient of 52 T/m 
a t  the sama current. A l l  magnets have a circular aper- 
N r e  8.0 cm i n  diameter. The design and t e s t  resul ts  
nn these magnets a re  described i n  references 1 and 2. 

Each of the IWELLE magnets i s  constructed with 
a main high current winding and a number of smaller 
f i e ld  correction windings. In  the halF-cell, fhese 
windings a re  connected end energized as  shown ache- 
matically i n  Pig. 1. The main f i e l d  windhge of the 
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Pig. 1. mgnet and parer supply cawtections. 

magnets are  energized i n  se r i e s  with a 15 V. 4000 A 
programmable Wwer supply. The se r i e s  comectien en- 
sures that, t o  a f i r a t  approximation, the magmatie 
f i e ld  i n  the quadrupole tracks the f i e l d  in the di-  
poles. In the  machine, these f i e lds  w i l l  have t o  track - 
in order t o  masntain constant focusing properties with 
increasing bgam energy. The trim c o i l  on the quadru- 
pule, p m &  by an independent i 400 A programable 
power supply, is prwided t o  p e r m i t e  r e l a t i v e  adjust- 
ment of the quadrupole f i e l d  strength. In terms of 
mechine operation, rhe quadmpole t r i m  windings w i l l  , 
be used t o  v a y  the tune of the machine. 

The oortection windings, energized by independent 
-t 50 A programmable parer supplies, a re  designed t o  
suppress the harmonic d is tor t ion  in the field.  The 
distort ion is  generated as s r e su l t  of eddy currents, - 
saturation of the ircn core, imperfectians in the  con- , L '  

struetion and positioning of the windings, etc. I n  , ,7h- 

general. Eor a dipole magnet, th.3 ve r t i ca l  codlponent 
of the f i e l d  in the median plane can be expressed i n  
terns of the dipole f i e ld ,  B,, and normalized higher -. C 
order ml t ipo les ,  bn, a s  - 

By(%) = B ~ C  1 + g,lh(Bo.dBo/dt)xn 1 . (1) 

where x is the  horieontal dlrrtance from the magnet 
center l ine.  The magnitude of the slulripoles is de- 
pendent, generally i n  a nonlinear fashion, an both the 
magnitude awl the t b  rate-of-change of the dipole 
f ie ld  (a typical  variat ion of b vs  Bo is shown in 
Pig. 2). %Imp, t o  reduce the f i e l d  d is tor t ion  to ac- 
ceptable levels, the  currerrts i n  the  correction wind- 
ings. i,,, n = 1. 2... m s t  be programd t o  track a,. 
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Fig. 2. m i c a 1  variat ion of b2 t e r n  wieh dipole f i e l d  ' . 
strength. 

I n  ISABELLE, the magnetic f i e ld  m s t b e  accutafely 
cbntrolled d u r i w  a l l  phases of the magnet excitat inn 
cycle, except inversion (see Fig. 3). A s  a resul t ,  the 
magnet pwer supplies must be dynamically accurate and 
s table  t o  within 0.017. of the i r  full-sealc racings. 
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The hal f -ce l l  magnet power supply system, as con- 
structed, is fu l ly  controllable and programmable e i -  
ther manually or with a control computer. A ftmctional 
block diagram of the system is shorn i n  Fig. 4. In the  
system, each pwer  supply is remotely programed by i ts 
ow d i g i t a l  function generator. A digital-to-analog 
converter, driven by a function generator, is incorpo- 
rated in to  each regulator chassis. The operation of 
the function generators i a  controlled by the d i g i t a l  
complter v i a  a a e r i a l  data control system, Datacon 2, 
developed a t  B N L . ~ . ~  

. . 
Pig. 4. Block diagram of magnet PS system and control. 

In the case of a f i e l d  correction pmer supply, 
the s ize  of the function generator memory and the reso- 
lution of the  D/A converter depend on the tolerance t o  
which the current must be regulated and on the  slope 
of the i , , (&,d~~/dt )  curve.= In the present design. 
each correction pwer  supply function generator has 2 
k i lwords  of solid-state memory. The resolution of 
the converters ranges from 10 t o  14 b i t s  depending on 
the  p a r t i ~ l a r  system acculacy. 

This paper describes the  parameters and design 
of the progrannnable pmer supplies used t o  power the 
half-cell  magnets. The computer control aspects of 
the system a re  discussed i n  reference 6. 

In the  deaign of the pmer supply system, the 
following general ru les  were observed i n  order t o  
standardize parts  and t o  ensure s high degree of 
system re l iabi l i ty :  

1) Each pwer  supply is  e l ec t r i ca l ly  isolatad 
from each other (transformers, opt ica l  couplers, etc.). 

2 )  Power supply regulation is accomplished by 
means of local feedback loops, and i n  no way depends 
on the control computer. 

3) Each syatem i s  protected by in ternal  f au l t  
interlocks and does not depend on the computer fo r  
f i r s t  l i ne  protection against faul ts .  

4) A l l  s ta tus  control and mmitoring c i rcui ts ,  
and e l l  regulators are, respectfully, of the same 
basic design and a re  fu l ly  implemented with sol id  
s t a t e  components. 

The specifications and description of the three 
types of pmer supplies developed for the syatem are  
given below. 

Main Pield PS 

The load paramseers and design specifications of 
the main f i e ld  pmer supply a re  sumarized i n  Table I. 

Table I. Perametera of the Main Field PS 

Load - R = 1 mO, L = 0.16 A 
Load Current, iL - 0-3500 A 
Stored Energy e t  Fu l l  Field - 0.8 MJ 
(d i~/dt ) -  - 33.3 Alaec 
Current Regulation (dc-O.OO3Hz)- 0.01% of PS 
S tab i l i t y  (24 h) - 0.01 X 
Se t t ab i l i t v  - i 50 ppm 
~ e p e a t a b i l i t y  - * 50 PP 
Set t l ing  Time for a 2 A Step- 60 msec 
Temp. Range - 20°c t o  40° c 
Line Voltage Variation - i 5 7. 

This pwer supply consists of a 12-phase bidirectional  
thyristor converter, a passive f4 l t e r ,  a current sensor 
and a high gain regulator. A functional block diagram 
of the system appears i n  Fig. 4. Tne thyristor bridge 
is located on the  secondary of the voltage step-down 
pwer  transformer t o  permit the  extraction of energy 
from the mamet ( in the invert mode). The passive RLC 
f i l t e r  is c i i t i c a l l y  damped and has a cut-off frequency 
of about 200 Be. With the f i l t e r ,  the magnet current 
r ipple  at the fundamental r ipple  frequency i s  reduced 
t o  about 1 ppm of full-scale. The control signal  for 
the &yristor f i r i n g  c i r cu i t s  i s  generated by a regu- 
l a to r  which comperes the signal  from the current sensor 
with the reference signal  from the main f i e l d  function 
generator. 

The regulator contains a 16 b i t  D/A cower ter ,  a 
summing amplifier and compensation c i r cu i t s  necessary 
for the s tabi l iza t ion of the pwer  supply. The system 
operates basically as  a Type 0 servomechanism with a 
dc loop gain of 100 dB, an effective frequency r o l l -  
off of about -9 dB/cctave, and a unity-gain bandwldth 
Of 10 Be. 

Table I shws  that  the  stored energy i n  the  half- 
c e l l  magnets a t  f u l l  f i e ld  is about 0.8 MJ. The present 
magnet design with forced helium gas cooling permits 
the dissipation of the stored energy within the magnet 
i n  the case of a magnet quench. Protection diodes are  
inclulad across each main winding t o  bypass the current 
around a quenched magnet as  wall  as t o  prwide  a raew- 
ery path for  the magnet current i n  case of other types 
of malfunction. 

Correction PS 

The performance requirerents of the currection 
pwer  supplies a re  l i s t ed  i n  Table 11. A correction 
e w e r  supply consists  basically of a transistorized 
bridge power amplifier with a self-contained 20 V, 50 A 
pwer  supply, a bipolar current sensor and a regulator. 
Depending on the winding, the load inductance is any- 
where between 15 mB and 60 nli. In  general, the magni- 
tude of the voltage induced i n  a correction winding 
from the main and other correction windings is negli- 
gibly small. 

The correction windings are pmered v i a  ser ies  
power r e s i s to r s  t o  improve system zesponse tima. The 
system do loop gain is i n  the order of 100 dB and the  
unity-gain bandwidth is greater than 200 He. 



Table 11. Paramsterm of the Cmrection PS 

Wad - R - 200 On. L = 15-60 di 
Load Current, iC - + 50 A 
(dicIdt)- - 15 Alsec 
current Replation(de-0.06 HE)- 0.01% o r  0.1% of FS 
S tab i l i t y  - 0.01% o r  0.1% of FS 
Se t t ab i l i t y  - i 50 ppm or i 500 pmu 
Repeatability - i 50 ppm or + 500 ppm 
Temp. Range - 20°c t o  40' C 
Line Voltage Variation - i s %  

The magnet parer supply system, as  described, has 
been constructed and interconnected with the  half-cell  
computer control equipment. A number of paoer supply 
uni ts  have been tested with inductive t e s t  loads i n  
both the manual and the computer control modes. Test 
r e m l t a  on s t a b i l i t y  and speed of response indicate 
tha t  a l l  ~ystems perform according t o  specifications. 
System tes ts ,  including the  ac tual  half-cell  magnets 
a re  scheduled t o  begin i n  ear ly  April of 1977. 

Ire indicated i n  Table 11, the tolerance on the 
parer supply regulation may be e i ther  0.1% or 0.01% 
depending on the correction winding t o  be povered. 
The two regulation requirements a re  met with a aingle 
parer supply design which uses a 14 b i t  DIA converter 
and a transductor fo r  the higher precision system 
and a 10 b i t  converter and a current shunt f o r  the 0.1% 
system. 

In functional terms, the quadrupole t r i m  paoer 
supply is identical  t o  the 0.01% correct im PS. The 
basic physical difference between the two is i n  the 
current ra t ing  of the output bridge and of the  current 
sensor. The bridge c i rcui t ,  which contains a w e  160 
paoer transistors,  is constructed on water-cooled alu- 
mirmm heat s i n k  and is energized with a 20 V, 400 A 
regulated parer supply. The inductance of the trim 
winding is approximately 5 mB and the normal m a x i m  
induced voltage from the main winding is less  than 
0.2 v. 

Table 111. Parameters of the (Xladru~ole Trim PS 

Load - R = 1 2 O n . L - 5 d i  
Wad Current. fs - * 400 A 
(digtdt), - 200 A/sec 
QIrzent Repla t ion (dc-0.06 HE) - 0.01% of FS 
Stabi l i ty  (24 h) - 0.01% of PS 
Set tabi l i ty  - + 50 ppm 
Repeatability - i 50 PP 
Temp. Range - 20°C ro  60° C 
Line Voltage Variation - * 5 %  

The author would l ike  t o  thank S.T. Giordano and 
J.W. Rumphrey for fomments on the manuscript and 
W.E. Buxton f o r  assistance i n  the tes t ing  of the equip- 
ment. The systemwas assembled and interconnected by 
members of the ISABBLIX's technical support group under 
the supervision of M. Iwantschuk. 
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