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FLAT TOPPING TRE PPA SYNCXROTIioN MAGNET 

D. Huttar and J. Riedel 
Princeton-Pennsylvania Accelerator 

Princeton, New Jersey 
Introduction 

ceton-Pennsylvania Accelerator t o  modi* the  Syn- 
chrotron Fagnet Circuit i n  such a way as t o  make 
flat topped operation available f o r  LQ t o  5 6  
duty. mereas, the magnet c i r cu i t  is now reso- 
nant at approximately lgHz and the  magnetic f i e ld  
i s  a sinusoidal function of time, f lat  topping 
w i l l  permit latching the  f i e ld  a t  i t s  peak value 
(corresponding t o  3 G~V) f o r  up t o  50 milliseconds. 
Flat  topping is  t o  be achieved by short c i rcu i t -  
ing the capacitors of the  c i r cu i t  at the appropri- 
ate time and regulating the  roagnet current with 
ser ies  power supplies. 
acyclic operation requires tha t  the  rotating ma- 
chinery presently used t o  excite the  c i r cu i t  be 
replaced by al l  electronic sources. 
tronics w i l l  be solid state. 
c i r cu i t  i s  shown i n  Figure 1. 

A project i s  currently under way a t  the Prin- 

The result ing pseudo 

A l l  elec- 
The modified magnet 

Details of t he  Planned Approach 

Switches 

Mgwe 1. depicts t he  en t i re  magnet system 
equipped f o r  flat-topping. In this scheme the  
switches S1 are  closed at peak magnet current 
(5 = O and the voltage on C1 - C2 i s  zero, going 
positive). These switches consist of a series- 
pa ra l l e l  axray of water cooled s i l i con  controlled 
rectifiers. They are  sol id  s ta te ,  regenerative 
electronic switches requiring very l i t t l e  parer 
i n  the control electrode c i rcu i t .  The manufac- 
tu rers  contacted, indicated t h a t  an array of 40 
t o  50 units of a type currently i n  production 
would handle the job sa t i s fac tor i ly .  
would öe required t o  pass a 1400 A ,  pulse of 
current during the  flat-top phase. 
top (50 ms duration) t h e  r m s  current per switch 
i s  1000 A. These switches are similar t o  igni- 
trons i n  the  requirements fo r  turning them off. 
It i s  necessary t o  externally in te r rupt  the for- 
w a r d  current fo r  some period of t i m e  so t h a t  the 
switch may fully recover and be capable of block- 
ing voltage In the forward direction. There a re  
several techniques for  doing this. The nethod 
tha t  appears most prac t ica l  consists of placing 
the  switch i n  ser ies  with a l aw inductance trans- 
former winding and coupling a reverse b ias  pulse 
in to  t h e  c i r cu i t  through t h i s  transformer a t  tun- 
off. The switch branch of the c i r c u i t  m u s t  be l a w  
inductance. The reason fo r  t h i s  i s  t h a t  the  volt-  
seccnds required t o  produce the  required current 
i n  such inductance would cause intolerable r ipp le  
i n  the main magnet current. For t h i s  reason, the  
turn-off transformer w i l l  be located i n  the capac- 
i t o r  branch of the c i rcu i t .  
transformer c a l l s  f o r  a secondary output of 480 V 
Peak at 625 Hz. 
cosine wave, the first 1/4 cycle acting as the 

The switch 

For 5C$ flat- 

The design of t h i s  

The output w i l l  be 1 cycle of a 

turn-off pulse. The required 17 transformers 
w i l l  be driven i n  pa ra l l e l  from a charged capaci- 
t o r  i n  se r ies  with a switch. The switch w i l l  be 
an SCR array, similar t o  the one used for f l a t -  
topping. 
cluded i n  ser ies  witheach transformer i n  order t o  
limit peak, accidental capacitor discharge cur- 
rents t o  50,000 A, The output of the turn- 
off transformer i s  designed t o  produce the appro- 
pr ia te  current f l o w  i n  t h i s  inductance and there- 
a f te r ,  hold the switch reverse biased for an addi- 
t iona l  100 microseconds. 

A 30 microhenzy inductor w i l l  be in- 

Power supply #9 

The IR drop per magnet a t  peak current i s  
very nearly 90 volts. 
forward voltage drop of each S l w i l l  be about 20 
volts.  Therefore, the  t o t a l  dc voltage required 
t o  maintain constant current during flat-topping 
i s  appro-tely 1800 volts.  
other 600 vol t s  or so is  required i n  addition t o  
the  ll80 volts supplied by P.S. #l. 
most economical approach t o  t h i s  is t o  have one 
or more electronically switched parer supplies 
i n  series with the  magnet c i r cu i t  which a re  turned 
on during flat-top and a re  by-passed otherwise. 
Prac t ica l  considerations such as transisbor volt- 
age ratings have indicated that four such power 
supplies, each pmducing approximtely 150 volts, 
i s  a su i tab le  number (see F'igure #9). Since the  
magnet current is unidirectional, these parer 
supplies can be properly by-passed by a diode. 
The supply i s  turned on and off by the  transis- 
t o r  regulator bank. kiken it i s  turned on the di-  
ode becomes reverse biased and the current shunts 
over t o  the  power supply. Therefore, t he  power 
supply current i s  a 1400 ampere pulse which occurs 
during flat-topping. During flat-topping the 
t rans is tors  operate l inear ly  serving as a regu- 
l a t o r  on the parer supply output. The regulation 
requirements a re  t h a t  the  magnet current can be 
maintained constant during a 50 ms flat-top t o  one 
part i n  16 i f  the  voltage of all power supplies 
i s  regulated t o  O.@ whkh i s  not a t  all d i f f i -  
cu l t  i n  t h i s  type parer supply. 

It is  anticipated tha t  the 

To achieve th i s ,  aa- 

The simplest, 

Parer supply # 1 

Parer Supply #1 supplies the  dc b ias  current 
t o  the  magnet c i r c u i t  and d i r ec t ly  replaces the 
dc generators presently used. It is  required 
t h a t  t h i s  power supply produce l l 8 0  V dc a t  726 
anrperes during sinusoidal operations while C2 
car r ies  the  700 ampere peak sinusoidal current 
component. But during flat-topping C 2  carries no 
current and the  parer supply current $wrrps t o  the  
full 1426 amperes. 
noting that when the  switches S1 close, the  volt-  

This can eas i ly  be seen by 
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age across C2 (the m e  around P.S. #1) must re- 
main constant at 1~80 V dc and therefore i t s  cur- 
rent i s  zero. These current requirements are 
very similar t o  those 3f P.S. #2 and hence a very 
similar design w a s  made. In the case af P.S. #1 
the output current discontinuity i s  only half of 
t ha t  i n  P.S. #2. 
f i l t e r  capacitor may be wed. 

AC Drive 

For t h i s  reason a-smaller value 

An a l l  electronic source of ac excitation i s  
desirable i f  flat-topping i s  t a  be performed. An 
electronic source has the inherent f l e x i b i l i t y  t 3  
provide the pseudo acyclic excitation required 
during flat-topping operation. In  addition, an 
electronic source should be more rel iable ,  easier  
t o  repair  than rotat ing machinery and provide cer- 
t a i n  operating advantages. 
f a s t e r  regulation response i n  tha t  an electronlc 
system does not incorporate the long i n e r t i a l  
t i n e  constants of rotat ing machinery and, i n  fact ,  
allms cycle t o  cycle control of excitation. 
scheme devised for providin A.C. excitation i s  

Basically, the e ~ s t i n g  air  core transformer - 
choke i s  used t o  couple single ended, c lass  C 
drive into the c i r cu i t .  When the magnet c i r c u i t  
capacitors are  nearly f'ully charged and the mag- 
net current has approached the D.C. bias value 
and i s  decreasing (no beam i s  i n  the Synchrotron) 
a charged resonant c i r c u i t  i s  switched onto the 
primary of the transformer-choke. One half cycle 
conduction resul ts  and energy i s  transferred from 
the driving circuit capacitor t o  the nagnet c i r -  
c u i t  capacitors, ra is ing t h e i r  voltage by approxi- 
mately 270 vol ts  and adding approximately 50 kJ 
t o  the stored energy. The driving capacitor then 
recharges through a second resonant c i r cu i t  which 
includes a ser ies  diode. Thereafter, the driving 
capacitor remains charged u n t i l  the  next drive 
pulse. During t h i s  time, the capacitor voltage 
may be changed over a smail range i n  accordance 
with the cycle t o  cycle drive requirements of the 
magnet c i r cu i t .  The switch used i s  t o  be identi-  
c a l  with the flat-topping switches. 

Among the latter i s  

The 

similar t o  tha t  used a t  CEA 4 (see Figure 3). 

Regulation and Timine 

Much of the present regulation schemes can be 
retained. 
neans of the existing system which u t i l i ze s  a mea- 
surement of B at the time of Bmin. The regula- 
t ion loop response would have t o  be re-designed 
i n  view of the new drive source t ransfer  function. 
The regulation of the dc supplies would be some- 
what complicated by flat-topping. 
soidal operation P.S. #1 must be current regulated. 
However, since the current i n  P.S. #1 jumps up äur- 
i-ng flat-topping, the average value of the current 
i s  a function of the flat-topping duty factor. 
One al ternat ive is  t o  superimpose an appropriate 
command waveform on the reference for  P.S. #1 
during flat-topping which would force P.S. #l t o  
attempt t o  regulate the flat-top current. How- 
ever, the supplies functioning as P.S. # have 
more range and flexLbili ty available t o  do t h i s  

The ac drive would be controlled by 

During sinu- 

job and P.S. #1 has a large capacitive load. 
Therefore, it i s  planned tha t  during f la t - top op- 
eration P.S. #l would be switched t o  a voltage 
regulate mode which would be designed t o  maintain 
i t s  output voltage constant during f la t - top at i t s  
curzent value. Therefore, during f la t - top P.S.#1 
would serve as a regulated voltage and power 
source and the job of short t e m  regulation t o  
maintain constant f lat-top current would fall t o  
P.S. #2. 
switched "ON" during f la t - top t o  produce very 
nearly the correct voltage fo r  constant current. 
Howeveo, a vernier range i n  t h e i r  output voltage 
would be ut i l ized t o  servo the $ signal  t o  zero 
during flat-top. Forcing fi t o  zero is  a be t t e r  
"handle" OR maintaining constant current than 
simply regulating voltage t o  a pre-set value. 
ulating voltage would not correct fo r  variations 
i n  the forward voltage drop of the switches S 1  or 
for  va r i a t iom i n  magnet resistance or peak mag?et 
current at the beginning of flat-top. 
t o  zero guarantees constant current (within the 
capabili ty of the servo) independent of these 
other parameters. 

The P.S. # supplies then would be 

Reg- 

Forcing B 

It appears quite desirable t o  have the capa- 
b i l i t y  t o  lock the magnet system i n  frequency and 
phase t o  an integral  sub multiple of the 60 Hz 
parer frequency. 
operation frequencies would be 20, 15, 12 and 1 0  
Iiz. 
amroximately O, l 6  2/3, 33 1/3 and 50 mil l i -  
seconds respectively. This may be achieved quite 
simply. A synchronous clock would be derived from 
the power l i n e  and counted down t o  provide pulses 
a t  the desired machine frequency (i.e. 20, 15, l2 
or 10 Hz). 
top.. Tbey would be used, fo r  instance, t o  t r igger  
the switch turn-off system. The start of f l a t -  
top would be &&ermined by the magnet c i r c u i t  it- 
self and the character is t ics  of the switches S1. 
The magnet c i r cu i t  natural  resonant frequency 
would be adjusteä t o  be slightly higher than 20 Hz 
(e.g. 20.4 Hz). 
osci l la t ion would be on the order of 49 m i l l i -  
seconds and then, were the "Stop mat-Top" pulse 
t o  be a t  a 20 Hz rate,  a nominal 1 millisecond 
flat-top would pers is t .  This short f lat-top would 
automatically vary t o  compensate f o r  short term 
d r i f t  i n  the natural resonant frequency. 
Occasional re-tuning may be required but probably 
no more frequently than once a week. 
magnet system thus locked i n  frequency and phase 
t o  the 60 Hz power source the effect of power 
frequency perturbations i n  synchrotron components 
w i l l  be minimized. 

That means that  the desirable 

These correspond t o  f la t - top durations of 

These pulses would be used t o  end f l a t -  

Thus, the natural  period of 

With the 

Model Study 

&ny of the c i r cu i t s  and features described 
here have been incorporated ir.to a 200 Hz scale 
model of the magnet c i r c u i t  and tested.  
several areas warrant additional t e s t s .  These a re  
primarily related t o  transients.  In particular,  
the  turn-on of the P.S. # supplies w i l l  tend t o  
excite the "transmission l ine" modes of the magnet 
c i rcui t .  Preliminary investigations indicate 

However, 
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t h a t  t h i s  is not a serious problem (the measureä 
modes a re  quite high i n  frequency) but the exact 
treatment needs t o  be deflned. Another consider- 
t on i s  transient voltages (with associated high 

‘v4dt) impressed on the switches (Sl) by random 
fau l t s  t o  ground i n  the magnet c i r cu i t .  
t i o n  t o  t h t s  problem may well  be d i f f i c u l t  ar,d 
time consuming. 

The s o h -  

Careful consideration must a l so  be given t o  3. 
monitoring of voltage and current wavefom and 
the proper inferlocking of these signals t o  m i n i -  
xize the possibi l i ty  of c i r cu i t  malfunction, par- 
t i c u l a r l y  with respect t o  the tr iggering of the 
flat-topping switches. 

4* 
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Fig. 1. Magnet Circuit Diagram. 
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Fig. 2. Flat-Topping Booster Supply. 
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Fig. 3. A.C. Excitation Source. 
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