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Figure 1: Layout of the SLC with fast feedback loops shown. S = steering loop; E = energy control; I = intensity 
control; C  = special-purpose loop to maintain beam collisions; * = prototype. 

Abstract 

A generalized fast feedback system has been developed 
to stabilize beams at various locations in the SLC. The 
system is designed to perform measurements and change 
actuator settings to control beam states such as position, 
angle and energy on a pulse to pulse basis. The software 
design is based on the state space formalism of digital con- 
trol theory. The system is database-driven, facilitating the 
addition of new loops without requiring additional soft- 
ware. A communications system, KISNet, provides fast 
communications links between microprocessors for feed- 
back loops which involve multiple micros. Feedback loops 
have been installed in seventeen locations throughout the 
SLC and have proven to be invaluable in stabilizing the 
machine. 

INTRODUCTION 

The SLAC Linear Collider (SLC) produces pulsed bunches 
of electrons and positrons which are accelerated in a 
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LINAC and steered around arcs before colliding at a sin- 
gle interaction point. The maximum beam rate for the 
machine is 120 Hertz. The SLC control system is based 
upon a central DEC VAX 8800 and a series of Intel 80386 
microprocessors (micros). The micros are distributed geo- 
graphically, with each micro controlling the devices which 
accelerate, steer and measure the beam in a region of 
the machine. The VAX communicates with the micros 
through a specialized network system, SLCNET, but with 
the exception of this fast feedback system the micros do 
not ordinarily communicate with each other. 

The feedback system is used for controlling the energy, 
trajectory and intensity of the beams. The system takes 
measurements, calculates state functions and implements 
corrections at a fast rate. It is designed to operate at the 
beam rate but due to CPU limitations it operates at a 
lower rate, typically 20 Hertz. Figure 1 shows the SLC 
machine with currently implemented and planned feed- 
back loops. Prototype feedback systems were initially im- 
plemented in three locations for steering, controlling the 
beam energy [l] and maintaining collisions [a]. These sys- 
tems quickly became indispensable to the machine opera- 
tion and an improved, database-driven system was devel- 
oped to allow easy addition of new loops throughout the 
machine. 
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SYSTEM OVERVIEW 

The system is generalized and database-driven. New 
feedback loops which behave in a linear fashion are im- 
plemented by configuring the database and hardware 
but without requiring additional software. Furthermore, 
special-purpose capability is provided to handle non-linear 
functions such as energy control with phase shifters. The 
system is based on the state space formalism of digital 
control theory [3]. Vectors of measurements, states and 
actuator values are manipulated using matrix and vector 
arithmetic. Matrices are calculated ofFline and stored in a 
database for online use. Measurements input to the feed- 
back system are typically Beam Position Monitor (BPM) 
readings. The state vector includes calculated quantities 
such as beam position, angle or energy which the feedback 
loop controls to user-selected setpoints. Actuators which 
control the beam are typically analog control devices such 
as steering dipole magnets, Klystron amplitude controllers 
and phase shifters. 

The major software components of the system are shown 
in Figure 2. Most of the associated software is written in 
the C programming language. The SLC database contains 
device specifications, display information and control pa- 
rameters associated for all existing feedback loops. Only 
the software which runs on the VAX has access to the 
entire database. The VAX software is responsible for ini- 
tializing and arbitrating feedback processing in the micros 
and handling user requests. There is an extensive selection 
of displays available to allow users to monitor and analyze 
the-feedback behavior in addition to facilitating studies of 
the SLC itself. The VAX software uses an object-oriented 
architecture. Feedback loops, database-driven displays, 
and vector elements are among the types of objects which 
are manipulated in a generalized manner [4]. 

The micro software executes all of the real-time control 
functions, including taking measurements, performing cal- 
culations and implementing new actuator settings. Since 
these functions may be distributed across several micros, a 
specialized high rate network system, KISNet [5], has been 
adapted from the Advanced Light Source (ALS) project 
in order to transfer measurement and actuator data be- 
tween micros. The feedback software which runs on the 
micros is divided into three functions: measurement, con- 
trol and actuation. For a single feedback loop there may 
be multiple measurement and actuator tasks running on 
different micros with each responsible for its own hard- 
ware. A single controller task for each loop receives all of 
the measurement data, performs calculations, and sends 
new settings to the actuator task(s). 

The matrices used in the controller calculations are de- 
termined by an offline simulation program [6] which is 
based on the Mat&X package from Integrated Sytems 
Incorporated, The matrices are designed to minimize the 
RMS of the controlled states, provide good response to 
step functions, and to maintain stability when the machine 
response does not exactly match the model. The design 
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Figure 2: Feedback System Architecture. 

involves tradeoffs between quick response and stability un- 
der changing beam conditions. The response characteris- 
tics may be tuned in the matrix design by adjusting the 
noise spectrum expected from the accelerator, although 
in the SLC the same setup is typically used for all loops. 
The matrices are initialized using the theoretical model 
of the accelerator. The model is usually good over short 
dist antes. 

The simulation program has been very useful for pre- 
dicting stability of the feedback processing and determin- 
ing the workability of new algorithms. Most of the prob- 
lems encountered in operation were predicted in advance 
by the simulator, and some potential problems were cir- 
cumvented by the software. This is one of the reasons that 
commissioning the feedback loops has been a remarkably 
smooth and minimally invasive process. 

FEEDBACK CALCULATIONS 

The feedback algorithm can be summarized in two equa- 
tions which are based on the predictor-corrector formalism 
of digital control theory [3]. This algorithm has previously 
been described elsewhere [6] in further detail. The first 
controller equation estimates the values of states which are 
associated with the feedback loop, based on the previous 
state estimate, currently implemented actuator settings, 
and measurements. 

%k+l = @.jtk + ru + L(y - Hji,) , (1) 

where 

jik is the estimate of the state vector on the k,lh pulse. 

@ is the system matrix and describes the dynamics of the 
accelerator model. 
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.- F igu re  3:  F e e d b a c k  R e s p o n s e  to S tep  Funct ions.  

I’ is the  cont ro l  i npu t  matr ix.  It desc r ibes  h o w  c h a n g e s  
in  the  ac tua tors  s h o u l d  affect the  state. 

u  is the  ac tua to r  vector .  It con ta ins  the  cu r ren t  ac tua to r  
set t ings wi th  r e fe rence  va lues  subt rac ted.  

L  is the  K a l m a n  fi l ter matr ix.  G iven  a n  e r ro r  o n  the  
es t imate  of  the  senso r  read ings ,  it app l i es  a  cor rec t ion  
te rm to the  es t imate  of  the  state vector .  

- 9  is the  m e a s u r e m e n t  vector .  It con ta ins  the  cu r ren t  
m e a s u r e m e n t s  wi th  r e fe rence  va lues  subt rac ted.  

H. is the  ou tpu t  matr ix.  It m a p s  the  state vec tor  to 
the  ou tpu t  vector .  Tha t  is, g i ven  a n  es t imate  of  the  
states, it g i ves  a n  es t imate  of  wha t  the  senso rs  s h o u l d  
read .  

T h e  mat r ices  a,  I?, a n d  H  a r e  o b t a i n e d  f rom the  m o d e l  
of  t he  acce lera tor .  T h e  L  matr ix  is de r i ved  f rom the  o the r  
mat r ices  a n d  is d e s i g n e d  (v ia  the  L i n e a r  Quad ra t i c  G a u s -  
s ian  m e t h o d )  to m in im ize  the  R M S  e r ro r  o n  the  es t imate  
of  the  state. 

T h e  s e c o n d  cont ro l le r  e q u a t i o n  ca lcu la tes  the  ac tua to r  
set t ings b a s e d  o n  the  es t imated  state vector .  

% + I =  K g ,+ , + N r  (2)  
w h e r e  

K  

N  

is the  g a i n  matr ix.  It is de r i ved  in  a  m a n n e r  s imi lar  
to L.  It is d e s i g n e d  to m in im ize  the  R M S  of  se lec ted  
state vec tor  e lements .  

is the  con t ro l le r - re fe rence- inpu t  matr ix.  It m a p s  the  
re fe rence  vector  to ac tua to r  set t ings a n d  is d i rect ly  
de r i vab le  f rom the  m o d e l  of  t he  acce lera tor .  

r  is the  re fe rence  vector  wh i ch  con ta ins  setpo in ts  for  the  
states con t ro l led  by  the  loop .  
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F igu re  4:  Ac tua to r  Con t ro l  for  S tep  Funct ions.  

D IA G N O S T IC  C A P A B IL ITY  

T h e  mic ros  save  m e a s u r e m e n t ,  s tate a n d  ac tua to r  d a t a  
for  the  last few h u n d r e d  i terat ions in  a  r i ng  buf fer ;  this 
d a t a  is ava i l ab le  for  d isp lay  u p o n  u s e r  reques t .  T h e s e  r i ng  
buf fe r  d isp lays  a r e  o n e  of  the  mos t  use fu l  d iagnos t i cs  of  
the  system, e n a b l i n g  ana lys is  of  pe r tu rba t ions  a n d  b e a m  
losses  af ter  they  h a v e  taken  p lace .  If t he  u s e r  reques ts  
the  d isp lay  wi th in  a  m inu te  o r  so  af ter  such  a n  event ,  t he  
assoc ia ted  d a t a  is usua l l y  ava i lab le .  Th is  funct ional i ty  is 
a l so  use fu l  for  s tud ies  of  b e a m  jitter a n d  o the r  p h e n o m e n a .  
F igu re  3  s h o w s  h o w  a  feedback -con t ro l l ed  b e a m  pos i t ion  
c h a n g e s  wi th  t ime. F igu re  4  s h o w s  the  assoc ia ted  cor rec to r  
va lues  d u r i n g  the  s a m e  t ime pe r iod .  D u r i n g  this pe r iod ,  
two  s tep  funct ions w e r e  pu rpose l y  i n t r oduced  to pe r t u rb  
the  b e a m  u p s t r e a m  of  the  f eedback  l o o p  in  o r d e r  to test 
the  f eedback  response ;  o n e  c a n  s e e  h o w  e a c h  pe r t u rba -  
t ion is co r rec ted  wi th in  severa l  pu lses .  Typical ly,  t he  first 
pu l se  af ter  a  l a rge  pe r tu rba t i on  is re jec ted  by  the  f eedback  
f i l ter ing so f tware  as  spu r i ous  a n d  t h e n  the  n e w  state est i -  
m a t e  is exponen t ia l l y  a v e r a g e d  o v e r  severa l  pu lses .  New ly  
ca lcu la ted  set t ings a r e  usua l l y  i m p l e m e n t e d  wi th in  o n e  o r  
two  pu l ses  for  mos t  types of  ac tuators .  

Add i t i ona l  ana lys is  capabi l i t ies  i nc lude  Four ie r  t rans-  
fo rms a n d  p lo ts  of  t he  r i ng  buf fe r  da ta .  T h e  s a m e  d a t a  
m a y  b e  fo rmat ted  o n t o  d isk f i les wh i ch  a r e  compa t ib le  
wi th  of f l ine ana lys is  packages .  B e a m  orb i t  p lo ts  a r e  ava i l -  
a b l e  to g raph ica l l y  d isp lay  the  b e a m  t ra jectory t h r o u g h  
the  r a n g e  of  e a c h  f eedback  l o o p  for  c o m p a r i s o n  wi th  the  
mode l -p red i c t ed  orbi t .  A  h is tory  p lo t  capabi l i ty  e n a b l e s  
rev iew  of  f eedback  cont ro l  o v e r  a  p e r i o d  of  days ,  w e e k s  o r  
months .  F i gu re  5  s h o w s  h o w  a  feedback -con t ro l l ed  b e a m  
pos i t ion  di f fers f rom its se tpo in t  va l ue  o v e r  a  p e r i o d  of  
f i f teen days .  T h e  to le rance  l ines s h o w  that  for  mos t  of  
t he  p e r i o d  s h o w n  the  f eedback  l o o p  con t ro l led  the  b e a m  
successful ly .  
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Figure 5: History Plot of Feedback Control. 

-ADDITIONAL FEATURES 

Many system features have been  added  to the basic algo- 
rithm to handle exceptions, improve robustness and  add  
flexibility to the system. For example, a  gain factor is im- 
p lemented as a  modification to the second controller equa-  
tion (actuator calculation), al lowing onl ine adjustment of 
the loop response.  The matrices are set up  to provide op- 
timal control with a  gain factor of 1  .O but it is convenient 
to allow operators to modify this in response to various 
operat ional problems. 

An addit ional capabil ity is the handl ing of “gold orbits” 
and  loop setpoints. A gold orbit is saved by operators 
when the state of the accelerator in the region of a  feed- 
back loop is bel ieved to be  well-tuned. This results in sav- 
ing’the current measurement  values and  actuator settings.’ 
The “gold” measurements are used as offsets in the con- 
troller equat ions. In general  the feedback loop will try to 
control the beam to maintain the gold orbit measurements.  
The gold orbit values are saved in configuration files which 
can be  re loaded at a  later time, facilitating easy reproduc- 
tion of a  particular machine configuration. The operators 
may wish to tune the machine while the feedback is on  by 
changing the setpoints which control the associated state 
values. Setpoints may be  entered manually, or they may 
be  assigned to a  knob and  adjusted by turning the knob. 

In order to insure that the feedback system does not 
misbehave, a  large part of the micro software involves ex- 
cept ion handl ing. In fact only a  small part of the mi- 
cro software is required for implementing the basic con- 
trol algorithm. The measurement  and  actuator values are 
checked to verify that they are within reasonable limits. 
If measurements are out of range, have bad  status or are 
not received by the controller, the “expected” values are 
used in the calculation, based upon  the previous state es- 
timates. This allows feedback loops which control both 
electron and  positron beams to cont inue controll ing one  
beam when the other beam is absent.  In order to insure 
that .a single wild pulse does  not adversely impact the 
feedback response,  two types of filtering are implemented. 
Firstly, measurements which vary significantly from the 
previous pulse are not used unless the value is between 

that of the two previous pulses. Secondly, an  exponent ial  
filtering mechanism is built into the matrices to improve 
stability. 

A calibration function is provided for onl ine measure-  
ment of how the beam states change with actuator set- 
tings. After the calibration is performed, the user may 
compare the result ing matrices with the model  values and  
with the currently implemented matrices. An opt ion is 
provided to implement the new values. This function fa- 
cilitates diagnosis of how well the feedback loop is per- 
forming in addit ion to improving the feedback response 
when the model  is imperfect. 

TESTING ENVIRONMENT 

In order to test the initial system as well as  new devel- 
opments,  a  hardware-based feedback test system has been  
developed. The typical test feedback loop has three mea-  
surements,  two states and  two actuators. The  hardware 
simulator modif ies the values of the measurements to re- 
spond to changes in the actuators. A function generator 
introduces var iances in the measurements such as sine- 
waves or step functions. In addit ion to facilitating debug-  
ging and  testing of software features without impacting 
operat ion of the SLC, the simulator enables the study of 
feedback response for various system changes.  

OPERATIONAL EXPERIENCE 

The feedback system was first commissioned in the SLC 
in November  1990.  Since then seventeen feedback loops 
have been  implemented, with more planned. These are 
shown in Figure 1. At the front end  of the machine a  
new feedback loop will soon control the intensity of the 
beam from the polarized laser gun.  Steering loops control 
the beam trajectory from the injector into the linac and  
also into the damping rings. Additional loops steer the 
beams out of the damping rings, down the LINAC and  
into the final focus. An energy loop controls the electron 
and  positron beams into the damping rings. A special- 
purpose calculation is used to control the energy of the 
electron beam into the positron target. Furthermore, the 
prototypical systems for energy control at the end  of the 
LINAC and  interaction point collision control are sched- 
uled to be  replaced by the general ized software in the near  
future. Additional steering and  energy loops are p lanned 
for the new Final Focus Test Beam facility. 

The  number  of feedback loops implemented is much 
larger than originally p lanned. More loops were added  
because of the success of the initial loops and  the ease 
of commissioning. The system worked much better than 
anticipated. Loops  which involve a  single micro could be  
added  just by  setting up  database entries, without requir- 
ing any  addit ional hardware or software. Most feedback 
loops were commissioned by turning them on  with a  small 
gain factor, gradual ly turning up  the gain, and  monitoring 
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the loop response by looking at the feedback displays. One 
of the feedback loops was commissioned “accidentally” by 
an operator who didn’t realize the loop wasn’t ready; he 
just turned it on and it worked. 

Fast feedback has become an important part of the SLC 
Control System and is heavily relied upon for stabilizing 
the machine. It is now much easier to reproduce a particu- 
lar machine state after interruptions. Furthermore, opera- 
tors who were previously occupied with keeping the beams 
stable have been freed to work on more subtle aspects of 
machine tuning. Since the system was implemented, the 
average rate of steering knob turns has decreased by a 
factor of five. The LINAC is now steered every few days 
instead of once a shift. The orbit bumps required to mini- 

~mize the beam emittance are now stable for weeks instead 
of hours. There are fewer machine protection trips because 
the scavenger energy feedback keeps the beams centered. 
Since the feedback system was implemented, accelerator 
performance has been greatly improved and much of this 
improvement is attributable to fast feedback. All of the 
major operational goals for the SLC in the last running 
period were met or exceeded. 

"CASCADED" FAST FEEDBACK 

One problem encountered in operation was predicted by 
the initial simulations and is a result of the large string 
of steering loops down the LINAC. In the current system, 
these,loops are all controlling the same parameters, re- 
sulting in overcorrection of upstream perturbations and 
amplification of beam noise. As a temporary measure, the’ 
gain factors of several feedback loops have been decreased, 
but this reduces the system’s effectiveness. 

An enhancement to the feedback system, called “Cas- 
cading”, is currently under development. It enables a se- 
ries of fast feedback loops to communicate, eliminating 
overcorrection problems and allowing the use of optimal 
gain factors. In the new system, each upstream loop sends 
its calculated state vector to the adjacent downstream 
loop. It is not necessary for an upstream loop to commu- 
nicate with all loops downstream of it. The downstream 
loop controls the difference between state elements calcu- 
lated from downstream beam position monitors and the 
transported values of the associated states calculated by 
the upstream feedback loop. This results in each loop cor- 
recting only those perturbations not already removed by 
the upstream loops. 

This coordination between feedback loops depends upon 
a reliable method for mathematically transporting the po- 
sition and angle at one point to the position and angle 
at a downstream location. The model of the accelerator, 
based upon a knowledge of the focusing strengths of the 
LINAC quadrupoles, provides a basis for this transport, 
-but it is believed that the model is not acceptably accu- 
rate over the distances involved. Furthermore, the physi- 
cal transport characteristics may change during operation. 
Therefore adaptive methods are used to dynamically up- 

date the transport matrices. The adaption calculations 
are based upon the SEquential Regression (SER) algo- 
rithm [7], adapted for use in the SLC feedback system [8]. 

The adaption is an iterative process which has as in- 
puts the calculated states for a feedback loop and the 
same states as calculated by an upstream loop. Averaged 
over time, the transported upstream states should equal 
the downstream states. The adaption process calculates 
a transfer matrix which minimizes the difference between 
the transported upstream and downstream states. This 
process runs on the same micro as the feedback controller 
but is implemented as a separate task, allowing the adap- 
tion to run more slowly and at a lower priority in order to 
minimize the CPU impact. 

The algorithm is as follows: On each pulse for which the 
transport matrix is to be updated the following is calcu- 
lated: 

S = Q(k - l)yc(k) (3) 

y = & + YcT@)S 

Q(k) = & (Q(k - 1) - +sT) 

where: 

yc(lc) is the state vector from the upstream loop with 
setpoints subtracted. 

k is the beam pulse number. 

Q  is the estimate of the inverse of the covariance matrix 
of Yc. 

S, y are intermediate results. 

and 

where 

(y = 2-U’ (6) 

r is the number of pulses for covariance matrix averaging, 
typically 50. 

A large y means the beam fluctuation has suddenly in- 
creased, which could cause the transport calculation to be 
unstable. Therefore the following equations which update 
the transport matrix are calculated only if y is less than 
a cutoff value, typically 20. 

E = (raw state vector) - (raw state setpoints) 

-Tc(~)Yc(~) (7) 

where 

Ti(k+ 1) = T;(k)+ 
r lQ(V~cWa (8) 

Ti is the estimate of the ith row of the transport matrix 
Tc. 

17 is the learning rate or gain, typically 0.1 or 0.2. 

5 



The calculation of Ti must be evaluated for all i, that is REFERENCES 
for each row of the transport matrix. If there are changes 
to the physical model the T and Q matrices converge to 
new values within a few minutes. 

Simulations indicate that this method will behave re- 
liably and will improve the feedback response. It should 
completely eliminate the overcorrection problems previ- 
ously experienced. The new system is scheduled to be 
ready for commissioning by the end of 1991. 

CONCLUSIONS 
- 
The new fast feedback system has been a remarkably suc- 
cessful addition to the SLC Control System. The general- 

ized approach enables easy addition of new loops and ex- 
pansion of functionality. Commissioning of new loops has 
caused relatively little negative operational impact, due to 
use of simulation and offline testing. The database-driven 
design and reliance upon existing hardware also helps to 
minimize commissioning effort. The user interface is easy 
for operators to use and provides extensive analysis ca- 
pability. Most importantly, the system has improved the 
stability and tuning of the SLC, enabling operational goals 
to be met. 
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