
Accelera tor  Department 
BROOKHAVEN NATIONAL LABORATORY 
Associated Un ive r s i t i e s ,  Inc.  

Upton, New York 11973 

AGS Div is ion  Technical Note 

No. 175 

Gauss Clock S t a b i l i z a t i o n  of t h e  Main Magnet Power Supply 

R. Lambiase 

October 14, 1981 

This no te  desc r ibes  t h e  opera t ion  and performance of t he  "new" Gauss c lock  

f o r  t h e  s t a b i l i z a t i o n  of t h e  main magnet power supply. 

The func t ion  of t h e  Gauss c lock is t o  cont inuously monitor t he  f i e l d  i n  

t h e  main r i n g  magnets, and provide con t ro l  s i g n a l s  t o  t h e  main magnet power 

supply t o  r e g u l a t e ,  from pulse-to-pulse, t he  e x t r a c t i o n  f i e l d  i n  those magnets. 

The Gauss c lock a l s o  provides markers,  or  Gauss c lock pulses ,  approximately 

every 0.2 Gauss. This f e a t u r e  allows events  t o  be timed d i r e c t l y  t o  s p e c i f i c  

programed energ ies .  An example of t h i s  would be i n  t h e  Polar ized  Proton Pro- 

gram where t h e  puls ing  of t he  c o r r e c t i o n  d ipo le s  w i l l  be timed t o  the  energ ies  

where depolar iz ing  imperfect ion resonances e x i s t .  

The magnet's e l e c t r i c a l  parameters over t h e  a c c e l e r a t i o n  cyc le  are 

i l l u s t r a t e d  i n  Figure 1. 

slowly ramp them t o  i n j e c t i o n  f i e l d  which occurs a t  t about 60 msec la te r .  

Af t e r  i n j e c t i o n ,  t h e  pulsed r e c t i f i e r  bank (P bank) i s  turned on t o  inc rease  

t h e  vo l t age  t o  12,000 v o l t s .  This r a p i d l y  inc reases  t h e  magnet's f i e l d  u n t i l  

s l i g h t l y  below t h e  des i r ed  c u r r e n t ,  when at t ( =  t + 500 ms) t h e  load i s  

t r a n s f e r r e d  t o  t h e  f l a t - t o p  r e c t i f i e r  bank (F bank).  This does not occur 

ab rup t ly ,  but is programmed down reaching zero i n  20 m s .  The F bank i s  va r i -  

ab l e  from bout 500 v o l t s  t o  1,800 v o l t s .  The cu r ren t  is  reduced by t h e  F bank 

u n t i l  t h e  p r e c i s e  f i n a l  f i e l d  i s  reached a t  t 

then  switched t o  1,600 v o l t s  which matches t h e  I R  drop on the  r e s i s t i v e  po r t ion  

of t h e  magnet load ,  and maintains  t h e  cu r ren t  a t  a f ixed  level.  

A t  to, a low vo l t age  i s  appl ied  t o  t h e  magnets t o  

1' 

2 0 

t2  + 30 ms). The F bank is  4 

F igure  2 is t h e  block diagram of t h e  Gauss Clock. The s igna l  input t o  t h e  

system i s  a search c o i l  mounted i n  t h e  gap of magnet 242. This magnet is lo- 

ca ted  i n  the  basement of t he  motor genera tor  bu i ld ing ,  but i s  e l e c t r i c a l l y  i n  
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a series wi th  t h e  main magnets i n  t h e  r ing .  The search c o i l  genera tes  approxi- 

mately 40 v o l t s  at t h e  maximum dB/dt. The output leads  a r e  hard wired t o  the  

voltage-to-frequency conver te r  using twisted-pair  sh ie lded  w i r e .  A l l  connect- 

o r s  were e l imina ted  t o  reduce the  thermal emf's t h a t  are generated by such 

devices .  

The s e l e c t i o n  of t h e  voltage-to-frequency conver te r  (VFC) w a s  done wi th  

much care s i n c e  t h e  VFC i s  t h e  primary accuracy determining element. 

t o  i n s u r e  h ighes t  accuracy were: 

The s t e p s  

1. A unipolar  VFC w a s  chosen. The methods requi red  t o  accommodate both 

p o l a r i t i e s  of input  i nc rease  t h e  VFC's complexity and add sources of 

e r r o r .  Most of t h e  input  s i g n a l  i s  one p o l a r i t y  and t h e  po r t ion  t h a t  

is  not w i l l  be handled by an analog i n t e g r a t o r .  

2.  The b e s t  a v a i l a b l e  VFC w a s  chosen, and then was modified.  The u n i t  

chosen i s  a Dynamic Measurements Corporat ion Model 7215. This u n i t  i s  

a modified ve r s ion  of t h e i r  s tandard Model 8116. The f i r s t  modifica- 

t i o n  w a s  t o  e l imina te  the  input  bu f fe r  amp. This amp which is similar  

t o  an LM201 i s  normally suppl ied as an i n t e r f a c e  a i d  t o  des igners ,  bu t  

tak ing  it out removed a l l  t h e  a m p l i f i e r ' s  e r r o r  sources and did not  

complicate  the  design. 

The hea r t  of a VFC is an analog i n t e g r a t o r .  The second modi f ica t ion  

w a s  t o  make t h e  output  of t h a t  i n t e g r a t o r  e x t e r n a l l y  access ib l e .  The 

maximum f u l l - s c a l e  frequency ob ta inab le  i n  a high p rec i s ion  VFC i s  100 

KHz, which i s  t h e  maximum f o r  t h e  7215. I n  t h i s  app l i ca t ion ,  t h e  peak 

f i e l d  i s  at  about 50,000 counts.  I f  the  i n i t i a l  s t a r t i n g  point  of the  

i n t e g r a t o r  i s  random, t h e r e  w i l l  be a one p a r t  i n  50,000 o r  20 ppm 

peak-to-peak e r r o r .  This  e r r o r  i s  e l iminated by c los ing  a feedback 

loop around t h e  i n t e g r a t o r .  This  i s  r e f e r r e d  t o  as phasing t h e  VFC. 

The VFC output  pulses  are buf fered ,  and they become the  Gauss c locks.  

They are a l s o  i n t e g r a t e d  by two counters .  These counters  are p rese t  with a 

number from Datacon. The VFC pulses  cause them t o  count down u n t i l  zero i s  

reached. A t  t h a t  po in t ,  t h e  counters  output a pulse .  Counter 1, as shown i n  

F igu re  2,  i s  loaded with a number represent ing  the  B f i e l d  where t h e  magnets 

w i l l  be  t r a n s f e r r e d  from t h e  P bank t o  t h e  F bank. 

t o  occur as a q u a r t e r  cos ine  wave l a s t i n g  20 m s .  

nega t ive ,  Counter 2 switches on t h e  analog i n t e g r a t o r .  

l y ,  t h e  VFC can only handle  on input  p o l a r i t y ,  so t h e  analog i n t e g r a t o r  i s  

This t r a n s f e r  is  programmed 

J u s t  p r i o r  t o  t h e  B going 

111 A s  mentioned previous- 
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requi red  t o  handle  t h i s  s m a l l  b ipo la r  po r t ion  of t h e  s i g n a l .  These t iming 

r e l a t i o n s  are shown i n  Figure 3. 

4 
i s  generated by comparing t h e  analog i n t e g r a t o r  output t o  a d.c.  re fe rence  ( s e t  

t o  zero i n  normal opera t ion)  which makes reg ion  1 = reg ion  2 as shown i n  F igure  

3b. 

The energy at  t ( a s  determined by Counter 2) is  the  f i n a l  energy s ince  t 3 

Care w a s  a l s o  taken i n  t h e  design of t h e  analog i n t e g r a t o r .  I t s  major 

f e a t u r e s  are : 

I. The ampl i f i e r  i s  chopper s t a b i l i z e d .  

2. The i n t e g r a t i n g  capac i to r  uses  a t e f l o n  d i e l e c t r i c .  The capac i to r  i s  

thermal ly  biased by a nichrome w i r e  h e a t e r  t o  t h e  c a p a c i t o r ' s  most 

thermally s t a b l e  reg ion  (> 25°C). 

3 .  The switching is done with D-MOS enhancement FET's. They have low 

leakage and low gate-to-source capac i tance .  Even with low capaci-  

t ance ,  they are used i n  a complimentary conf igura t ion  so t h a t  as one 

gate-to-source capac i to r  charges ,  t h e  capac i to r  on the  o ther  d i s -  

charges .  

The output of t h e  i n t e g r a t o r  plus  t h e  B s i g n a l  i s  summed with an o f f s e t  * vo l t age  and t h e  r e s u l t  s e rvo ' s  t h e  F bank t o  i t s  proper va lue .  The reason f o r  

t h i s  servo a c t i o n  i s  shown i n  Figure 4 .  This i s  an exaggerated view of t h e  

magnet cu r ren t  i n  t h e  t i m e  between t and t A t  t t h e  F bank is  programmed 

t o  t h e  vo l t age  t h a t  j u s t  matches t h e  I R  drop of t h e  magnets. That change 

cannot happen any f a s t e r  than  one power supply commutation. Since t i s  

asynchronous t o  the  l i n e ,  t h e r e  w i l l  be a random amplitude e r r o r .  This e r r o r  

i s  a func t ion  of t he  commutation per iod and t h e  s lope .  With the  s i n g l e  va lue  

3 4' 4 

4 

of F bank con t ro l  previously used, t h e  e r r o r  generated is  E By having a wide 

range of F bank con t ro l s ,  t h e  e r r o r  i s  approximately as with t h e  two-value case 

shown. 

1' 

The worst case accuracy w a s  p red ic ted  by using manufacturers '  da t a .  Other 

t h ings  t o  know about t h i s  e r r o r  a n a l y s i s  i s :  

1. Data f o r  t h e  VFC (7215) was taken from t h e  unmodified ve r s ion  (8116). 

These w e r e  usable  f o r  worst case c a l c u l a t i o n s  as t h e  7215 w i l l  always 

perform b e t t e r  i n  our a p p l i c a t i o n  than  t h e  8116 would. 

2. Scale  f a c t o r  e r r o r s  must be so r t ed  from o f f s e t  e r r o r s  and weighted 

be fo re  adding i n  with t h e  o ther  e r r o r s .  

3. E r ro r s  w i l l  be presented on t h e  b a s i s  of a one-hour run. The par- 

ameters of change over t h i s  run are: 

= 3°C a )  "amb 
b )  power supply v a r i a t i o n  = 1% 
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The predicted results were: 
1. VFC 

Gain - Offset 

a) Temp. Coeff. 10.6 ppm 12.8 ppm 

b) Drift 1.2 ppm 1.7 Ppm 
c) P.S. Sensitivity --- 1.7 ppm 
RMS total for VFC = 16.8 ppm 

2. Analog Integrator 

a) Op. Amp. 11.5 ppm 
b) Resistor & Cap. 33.6 ppm 
c) FET Switches 37.7 ppm 

3. Weighting 
The contribution to the total system error by the analog and digital 
portions must be weighted by the portion of the total B field that 
they measure. The integrated poortions were measured as: 

\ = 17.465 volt-sec (VFC) 
K A =  0.035 volt-sec (Analog, Up and Down) 

This gives weighting factors: 

= 0.996 - - 17.465 
'V 0.07 + 17.465 

= 1- 0.996 = 0.004 
PA 

The weighted system RMS error is: 

E = 0.996(16.8) + 0.004(51.8) = 16.94 ppm 
S 

4. Commutation Error 

The power supply is a 24-phase system at 60 Hz. This gives a worst- 

case time ambiguity of: 

= 0.7 ms 1 - 
- 60 x 24 

With the main ring magnets modelled as 0.75 Hy in series with 0.25 52,  and 
using 100 volts as the minimum voltage difference t o  the IR drop, the current 

change during t is: 

0.75H 

ce 
AI = - looV (0.7 x = 0.093 amps 
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A I  i s  t h e  v a r i a t i o n  i n  cu r ren t  out of a t o t a l  of about 5,400 amps f o r  a 

peak-to-peak commutation e r r o r  of : 

- - -  0.0g3 x l o 6  = 17.3 ppm 
s p-p 5400 E 

The RMS e r r o r  i s :  

E 
E = p-p = 5.0 ppm 

s m  

The e r r o r s  w e r e  measured on J u l y  6, 1981, using t h e  equipment shown i n  

Figure 5. A d i r e c t  current-current  t ransformer (DCCT) measured t h e  cur ren t  i n  

magnet 242. This was compared t o  a p rec i s ion  d.c .  re fe rence  by a d i f f e r e n t i a l  

input  scope at t h e  t i m e  of t h e  s t a r t  r f  o f f  pu lse .  The gains  of t h e  devices  

w e r e  set so t h a t  one cent imeter  of v a r i a t i o n  on t h e  scope face  corresponded t o  

50 ppm of cu r ren t  change. Figure 6 i s  t h e  t a b l e  of d a t a  f o r  t h a t  measurement. 

The numbers represent  t h e  number of cent imeters  t h e  t r a c e  was  from t h e  screen  

midpoint .  

be 13.5 ppm. 

This d a t a  has been reduced i n  Figure 7, and shows t h e  RMS e r r o r s  t o  

There are two more po in t s  t o  be noted about t h i s  t e s t :  

1. The measurement of cu r ren t  using t h e  DCCT does not account f o r  

r e s i d u a l  f i e l d s  i n  t h e  magnet. The Gauss c lock a l s o  does no t ,  so 

both devices  were measuring t h e  same quan t i ty .  

2. Measuring the  cu r ren t  at t d id  not measure commutation e r r o r s .  4 
There are s t i l l  t h ings  t o  be done with t h e  Gauss clock. Some of t hese  

are : 

4' 1. Using t h e  analog i n t e g r a t o r  t o  measure cu r ren t  d r i f t  a f t e r  t 

2. Contro l l ing  the  cu r ren t  i n  the  magnets during "flat-top" ( a f t e r  

t4). 

3. Increas ing  t h e  f l e x i b i l i t y  of i t s  func t ions  t o  permit more modes 

of opera t ion ,  such as approaching the  f i n a l  cu r ren t  from a lower 

po in t ,  ins tead  of overshoot ing t h e  f i n a l  cu r ren t  and s e t t l i n g  

downward. 

But, t h e  ana lys i s  has shown and the  t e s t i n g  has v e r i f i e d  t h a t  as a measur- 

ing and c o n t r o l l i n g  device,  t he  "new" Gauss c lock has  t h e  s t a b i l i t y  t o  m e e t  t h e  

requirements of a l l  t h e  AGS and ISABELLE programs planned. 

D i s t r i b u t i o n :  AGS Div. P h y s i c i s t s  
AGS Div. E . E . ' s  
D.A. Davis 

J . W  Glenn 
H. Halama 
Y.Y.  Lee  

E. Raka 



- 6 -  AGS Div. Tech. Note No, 175 

SP 11037A 



-
7

-
 

A
G

S Div. 
T

ech. 
N

ote N
o. 

175 

SP 110378 



Q 

3 

t 

- 8 -  AGS Div. Tech. Note No. 175 



SP 11037A 

- 9 -  AGS Div. Tech. Note No. 175 



SF 1103711 

- 10 - AGS Div. Tech. Note No. 175 

Ir" 
I 



, 

U
 

, 

0
 

. 

AGS D
iv. 

T
ech. 

N
ote N

o.,175 



- 1
2

$
- 

I 

A
G

S D
iv. 

T
ech,. 

N
o

te
 N

o. -175 

I- 
*? 

I I 
I 

? 

.-. ,&
' 

b
.r
 

e- 

n
 

6-J .m
 

.- c 

e
-i 

t '.2 
c

c
 

-
1

 

4 

- 
i-
*
 

L
C

 


