
IEEE TRANSACTIONS ON NUCLEAR SCIENCE August 

AUTOMATIC CONTROL O F  THE TRIM-COIL POWER SUPPLIES 
AT THE BERKELEY 88 -INCH CYCLOTRON" 

David R. St ruthers  

Lawrence Radiation Laboratory 
University of California 

Berkeley,  California 

Abstract  

The automatic-control  requirements  of the 
88-inch cyclotron t r im-coi l  power supplies r e -  
semble those of many indust r ia l  processes .  
Cer ta in  s e t  points mus t  be automatically real ized 
and maintained throughout an  extended exper i -  
mental  run. The recently installed sys tem r e -  
duces t r im-co i l  setup t ime to l e s s  than 5 min,  
and maintains these se t  points within 0.1% o r  l e s s  
over a n  8 -hour period. Although the sys tem i s  
pr imari ly  analog, the se t  points for a run a r e  
programmed on a n  IBM card  and entered into the 
sys tem through a digital -to -analog interface.  
The sys tem i s  being extended to include the many 
machine -pa ramete r s  - -such a s  the deflector po- 
sitions and voltage s - -that have se t  points. 

Introduction 

The 88-inch cyclotron u s e s  17 t r i m  coi ls ,  
each with i t s  own power supply. F o r  each pa r t i -  
cle and energy that has  been developed there  i s  a 
se t  of 17 cur ren t s ,  known a s  the t r im-co i l  solu- 
tion, that  i s  considered to give the optimum t r i m -  
ming field. 

P resen t ly  these  t r im-co i l  cu r ren t s ,  a s  
well  a s  many other machine p a r a m e t e r s ,  a r e  set  
manually by a n  operator  and maintained constant 
by individual electronic regula tors .  An average 
of one particle o r  energy change occurs  per  
8 -hour shift, and the result ing machine setup 
takes about 30 minutes.  The sys tem to be de-  
scr ibed i s  the f i r s t  phase of a project  to se t  most  
of the machine pa ramete r s  within 5 min. Be-  
cause the re  a r e  always i t ems  such a s  television 
adjustment and fine tuning for  beam,  a real is t ic  
prediction of the t ime that will be  needed for a 
complete energy o r  particle change i s  15 to 20 
min. The saving of 10 min per  shift, a t  $200 
per  hour for cyclotron t ime ,  amounts to about 
$30 000 annually. 

The design requirements  and philosophy of 
our complete automat 'c  control sys tem a r e  fully 
descr ibed e lsewhere ,  and a r e  partial ly t rea ted 
in this repor t .  

Svstem 

Each of the t r im-coi l  cu r ren t s  i s  controlled 
to about 0.2%, shor t  t e r m ,  by a regulator.  The 
long- term (8 to 16 h )  stability i s  within l e s s  than 
1%. Figure  1 i s  a simplified block d iagram of a 
typical t r im-co i l  power supply and regulator.  

The sys tem s t a r t s  a s  a potentiometer,  which de -  
t e rmines  the value of the reference.  The po- 
tentiometer i s  adjusted manually when the cu r ren t  
i s  to be se t  o r  changed. It i s  important to the 
operation of the cyclotron, and to fur ther  develop- 
ment  of beams ,  that this means  of d i rect  operator  
control  not be sacrificed.  The output, which i s  
current ,  i s  converted by the feedback loop to a 
voltage of the s a m e  o rde r  of magnitude a s  the 
reference.  The feedback loop i s  e i ther  a shunt 
o r  a t ransductor .  The difference ( e r r o r )  between 
the reference and the feedback-loop output i s  
amplified by the regulator ampl i f ier  s o  a s  to 
cause the output to change until the e r r o r  i s  r e -  
duced to  zero .  

A simple method of automatic control of 
seve ra l  supplies involves setting a s e r i e s  of input 
reference levels  (e.  g. , potentiometer sett ings) 
f rom a known correspondence between reference 
setting and output. That i s ,  the potentiometer 
readings f r o m  previous experiments a r e  just r e -  
produced automatically for  a like experiment.  A 
se r ious  disadvantage i s  that ,  over a long period,  
this correspondence changes due to  aging of pa r t s ,  
and changes again immediately upon any replace-  
ment of par ts .  

A bet ter  approach i s  to design a single,  
highly p rec i se  reference that  supervises  the 
existing s e r i e s  of references  sequentially. While 
a par t icular  unit of the sys tem i s  being sampled, 
the corresponding output cu r ren t  i s  compared 
with the programmed output cu r ren t ,  which i s  the 
highly p rec i se  reference,  and the resul t  of the 
comparison i s  used to r e s e t  the individual r e f e r -  
ence a s  necessary .  The individual r e fe rences  
maintain the power supply outputs during the r e s t  
of the cycle. 

F o r  automatic digital control ,  a l l  the exis t -  
ing references  would e i ther  have to be  redesigned 
s o  a s  to be  operated by re lays  o r  solid-state 
switches,  o r  the potentiometers could be driven 
by stepping motors .  Then the actual  cu r ren t s  
would have to be  converted f r o m  thei r  analog 
fo rm to a corresponding digital representation so  
that they could be  compared with the supervisory 
reference,  which i s  e i ther  punched tape o r  an  
IBM card.  

On the other hand, analog operation,  which 
involves working di rect ly  with voltages and cur  - 
rents  within the automatic-control  sys tem,  would 
require  either a n  analog supervisory reference 
o r  a digital-to-analog conversion of a punched- 
tape o r  IBM-card supervisory reference.  A 
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digital supervisory reference i s  advantageous in 
providing g r e a t e r  information density than a n  
analog reference,  and being m o r e  usable in future 
computer studies.  

A summary ,  then, of the most  appealing 
automatic -control  sys tem for  a n  operating 
cyclotron is:  

1. Supervisory: the individual r e fe rences  
a r e  supervised sequentially so  a s  to mainta in  
required outputs; 

2. Analog: a l l  operations within the super - 
visory loop, a s  wel l  a s  within the p a r a m e t e r -  
regulating sys tems ,  a r e  analog - -that  i s ,  a l l  
operands a r e  voltage representa t ions  of the c u r -  
rent  involved; 

3. Digital input: the supervisory reference 
i s  on e i ther  punched tape o r  IBM c a r d s ,  with 
digital-to-analog conversion.  

With the above description in  mind, we can 
der ive  a suitable block d iagram a s  shown in  Fig. 
2. In this figure the sampling period i s  0.33 s e c  
and the sampling r a t e  i s  therefore  3/sec.  

Figure  3 i s  a m o r e  complete block diagram 
of the automatic-control  sys tem supervising 
channel J ,  a typical member  of the sequence of 
17 t r im-co i l  power supplies. While channel J 
i s  being sampled, the voltage output signal f rom 
the output shunt i s  fed through the Input Multi- 
plexer and Signal Conditioner to the Comparator  
and Motor Drive.  At the same  t ime the p r o -  
g rammed value of channel J i s  fed through the 
P r o g r a m  Multiplexer, converted to a voltage, 
and compared i n  the Comparator  and Motor Drive 
with the voltage output signal. The difference i s  
amplified by the Motor Drive and i s  fed through 
the Output Multiplexer to  change the channel J 
reference a s  required.  While the other channels 
a r e  being sampled, the output of power supply J 
i s  maintained constant to 0.2% by the existing . 
channel J regulator.  A provision i s  made in  the 
sys tem for printing out the p rogram,  the e r r o r ,  
and the actual  output values of the channels. 

F o r  the long - t e r m  project  we will  look a t  
the b e a m  p a r a m e t e r s  such a s  energy, intensity, 
and focus a s  the product of the sys tem,  and the 
many machine p a r a m e t e r s ,  such a s  radio-f re  - 
quency dee voltage and frequency, main magnetic 
f ield strength,  tr imming-field strength,  and the 
deflector positions and voltages a s  the controlla- 
ble inputs. Phase  I1 will  include the above- 
mentioned inputs in  the automatic control  sys tem.  

Hardware  

stabil i ty i s  about 1%. The signal that i s  fed back 
to  be  subtracted f r o m  the reference voltage i s  
derived f r o m  a t ransductor  whose output va r i e s  
f r o m  0 to  15 V for  the range of output current .  
The reference i s  a 15-V power supply whose out-  
put i s  continuously var iable  by means  of a poten- 
t iometer  in the control  pane-l. This potentiometer 
i s  driven manually with a knob and automatically 
with a motor .  The output signals utilized in the 
automatic-control  sys tem a r e  derived f r o m  switch- 
board  meter ing shunts to provide bet ter  l inearity.  

Since the following discussion r e f e r s  to 
mul t ip lexers ,  I define the t e r m  a s  used within 
this system. F igure  4 ( a )  shows schematically 
a n  N-to-1 multiplexer and 4 (b) shows a 1 -to-N 
multiplexer.  The N-to-1 Multiplexer conver ts  a 
para l le l  s to re  of data to a t ime sequence of data 
for analys is  by a single information p rocessor .  
The 1- to-N multiplexer d iver ts  a t ime  sequence 
of data f rom a single information p rocessor  to a 
para l le l  group of devices.  

The 17 shunt signals a r e  fed into the Input 
Multiplexer, which consis ts  of 17 double -pole 
m e r c u r y  -wetted-contact re lays .  These re lays  
a r e  dr iven in  sequence a t  a 3/sec r a t e  by the 
multiplexer control;  eve ry  other normally open 
contact i s  w i r e d  in para l le l  so a s  to provide a 
single two-wire output. This  output i s  fed to the 
signal conditioner, which i s  a gain-switched, 
t empera tu re  -controlled differential  ampl i f ier  
whose gain i s  stable to 0.01% and whose drift  i s  
l e s s  than * 5 pV per  day. The gain i s  switched 
to  provide a 10-V signal for full output cu r ren t  
of the power supply output being measured  regard- 
l e s s  of the mV to A rating of the shunt. The out- 
put of the signal conditioner, then,  i s  a sequence 
of 17 voltages proportional to  the 17 t r im-co i l  
cu r ren t s ,  and goes  to the "measurement t '  input 
of the Comparator  and Motor Drive. 

The p rogram originates on a single IBM 
c a r d  whose rows and columns a r e  used to provide 
40 channels (23 channels a r e  for l a t e r  use )  of 24 
bi ts  each. Of these  24 b i t s ,  13 bi ts  a r e  se t  point 
data and 11 a r e  miscellaneous data.  The c a r d  i s  
r ead  statically and therefore  continuously. 

These 17 p rogram channels a r e  fed to the 
input of the P r o g r a m  Multiplexer. This mul t i -  
plexer consis ts  of 17 24-pole r e l ays ,  which a r e  
driven in  sequence a t  a 3/sec r a t e  by the multi-  
plexer control ,  and whose normal ly  open contacts 
a r e  wi red  in  para l le l  to  provide a single 24-wire 
output. The output i s  thus a sequence of 17 24-bit 
b inary  numbers  that a r e  re la ted to the 17 power 
supply se t  points des i red.  

The s e t  point data a r e  converted to volt-  
The c u r r e n t  ratings of the 17 t r i m  coil ages  of 0 t o  10 V in the Digital-to-Analog Con- 

power range 750 2500 amperes;  ve r t e r ,  a Raytheon DAC-20 model. With 13 bits ,  
we have both Silicon-Controlled Rectifier  and the output voltage can be se t  to about one pa r t  in 
Magnetic-Amplifier power supplies. A typical 8000. The miscellaneous data a r e  used to p r o -  
sy s t em '  s open-loop gain, including regulator g r a m  the readout sys tem.  The output of the ampl i f ier ,  power supply, and t ransductor ,  i s  D-to-A Conver ter ,  therefore ,  i s  a sequence of 
about 200 to 1000. This gives a maximum r e -  17 voltages proportional to the des i red  17 s e t  
duction in e r r o r s  of about 0.1%. Due to amplifier  points, and goes to the , t p r o g r a m ~ t  input of the 
dr i f ts ,  however, the long- term,  o r  daily, Comparator  and Motor Drive.  
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In the Comparator  and Motor Drive,  the 
"measurement"  signal and the " P r o g r a m 1 '  signal  
a r e  subtrac ted ,  and the difference (o r  e r r o r )  i s  
amplified to dr ive  the motor-dr iven potentiom- 
e t e r s  in the t r i m  coil power supply reference .  
There  a r e  actually two para l le l  ampl i f iers  in th is  
block; a low -gain ampl i f ier  i s  ac t ive  over  mos t  
of the 0.33-sec period of each measuremen t  to 
provide the c o a r s e  adjustment for  the moto r -  
dr iven potentiometers,  and a high-gain ampl i f ier  
i s  ac t ive  over  a 0.03-sec period of each m e a s u r e -  
ment for  the fine adjustment.  The outputs of the 
two ampl i f iers  a r e  added and followed by a stage 
of power amplification. Each ampl i f ier  input i s  
controlled by a mercury-wet ted-contact  r e l ay  
which keeps the input grounded until a l l  the 
cu r ren t -ca r ry ing  r e l ays  in the following s tages  
have switched. The m e r c u r y  r e l ays  a r e  then 
opened for  0.25 s e c  for  the low -gain ampl i f ier  
and 0.03 s e c  fo r  the high-gain ampl i f ier .  The 
output of each ampl i f ier  i s  l imited to * 10 V. 
F igure  5 shows the different f o r m s  of the output 
voltage for  a given motor-potentiometer dr ive .  
The pulse lengths w e r e  der ived by consideration 
of the maximum setup t ime d e s i r e d ,  and of the 
curves  of angular displacement of the m o t o r -  
potentiometers v e r s u s  both pulse length and pulse 
height. 

The output of the Comparator  and Motor 
Drive i s  a sequence of 17 e r r o r  voltages with 
waveforms a s  in Fig. 5. This output i s  fed to 
the input of the output Multiplexer. This mul t i -  
plexer consis ts  of 17 four-pole r e l ays ,  which a r e  
driven in sequence a t  a 3/sec r a t e  by the Multi- 
plexer Control. Its input i s  the normal ly  open 
contacts wired in para l le l ,  with the swingers  p r o -  
viding the 17 outputs. The 17 outputs go to the 
17 t r im-co i l  power -supply r e fe rence  motor  - 
potentiometer moto r  leads.  

The Multiplexer Control i s  a telephone-type 
stepping re lay ,  dr iven by  a mul t iv ibra tor ,  which 
dis t r ibutes  power to the  var ious  multiplexer r e -  
lays .  

The monitoring equipment includes shor t  - 
ci rcui t  t e s t s  to check dc level  dr i f t s ,  s tandard  
voltage checks for  gain d r i f t s ,  and printout of 
"measurement ,  " "p rogram,  " and " e r r o r "  signals.  

A computer p rogram has  been wri t ten  to 
convert  the 17 t r i m  coil c u r r e n t s  des i r ed  f o r  a 
par t icular  solution to a single punched IMB ca rd  
f o r  d i r ec t  inser t ion  into the automatic control  
sys tem.  

Acknowledgments 

P. F. Pel l - i ss ier ,  Engineering group 
l eade r ,  provided guidance through many discus  - 
sions and made s e v e r a l  contributions to  the 
sys t em concept. M. J. Renkes coordinated the 
many efforts  involved. 

Footnote and Reference  

-*Work sponsored by the U. S. Atomic Energy 
Commission.  

1. David R. S t ru the r s ,  Automatic -Control-  
System Design fo r  the Berkeley  88 -Inch Cyclotron, 
UCRL-16210, June 1965. 

R e f e r e n c e  Regulator power 
amplif ier 

Continuous 
feedback 

Fig.  1. Typical t r im-co i l  power-supply r e g  - 
ulating sys tem.  
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Fig.  2. Supervisory  control  block diagram.  
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Fig.  4. Simplified mul t ip lexers .  
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Fig. 3 c .  Reference  correction.  Fig.  5. Output voltage fo rms .  

DISCUSSION 

WEGNER: What i s  the es t imated cos t  of the sys- 
t e m  including the engineering? 

STRUTHERS: The cos t  so  f a r  h a s  been $675 p e r  
channel, fo r  the 17 channels. The es t imated 
cos t ,  by the t ime we complete the 40 channels,  
wil l  be about $20, 000. 

Proceedings of the International Conference on Isochronous Cyclotrons, Gatlinburg, Tennessee, 1966

Reprinted from IEEE Transactions on Nuclear Science NS-13 (4), Aug 1966 c© IEEE 1966 F-008


