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Site map of  t he orb i t  f eedback  components t hat  w ere used f or  t he prototype 
studies in t he SPS. 
The BPMBs are si tuated in LSS5, their  pre- processing elect ronic is instal led in  
t he underground cavern BB5 and thei r  acquisi t ion cards and f ront - end in t he 
sur f ace bui ld ing BA5. The BPM data are send over  a low - bandw idth Ethernet  
connect ion, t o w hich al l  SPS f ront - end computer  are instal led, to the Prevessin 
Cont rol  Room (PCR next  t o BA3) where they are processed by a general  purpose 
PC. The cor rect ions are send back  via the same Ethernet  backbone to t he ROCS 
crate in  BA5 that  sets the cur rent  of  t he COD pow er  conver ters. The cor rect ion 
magnets are inter leaved w i th t he BPMBs in LSS5.

The Large Hadron Col l ider  (LHC) is t he next  generat ion proton col l ider  t hat  is present ly bui l t  at  CERN. The LHC w i l l  be instal led 
in the form er  LEP (Large Elect ron Posi t ron Col l ider ) t unnel . The presence of  a high intensi t y beam  in an envi ronm ent  of  
cryogenic magnets requires an excel lent  cont rol  of  par t icle losses f rom the beam. Eventual ly the per f ormance of  t he LHC may 
be l im i ted by the ab i l i t y t o cont rol  t he beam losses. The per f ormance of  t he LHC cleaning system  depends cr i t ical ly on the 
beam posi t ion stabi l i t y. Ground mot ion, f ield  and al ignment  im per fect ions and beam manipulat ions may cause orb i t  
movem ents. The role of  the f uture LHC Orbi t  Feedback  System  is the m inim isat ion of  closed orb i t  per turbat ions by per iodical ly 
measur ing and steer ing the t ransverse beam posi t ion back  to i t s reference posi t ion.

The LHC is t he f i r st  proton col l ider  w here a cont inuous cont rol  of  the beam posi t ion is required dur ing al l  operat ional  phases, 
w i th m aybe the except ion of  very low  intensi t y beams. In each p lane, the beam posi t ion of  t he tw o LHC r ings is sampled by ≈ 
1000 beam  posi t ion monitors (BPMs) and is cont rol led by ≈500 ind ividual ly pow ered cor rect ion d ipole magnets (CODs). Since 
al l  equipment  is d ist r ibuted over  the 26.7 km  ci rcumference, data exchange betw een a cent ral  f eedback  cont rol ler  and the 
BPMs and CODs is an impor tant  issue. It  is present ly f oreseen to use the LHC technical  netw ork  f or  data comm unicat ion. The 
large geographical  d ist r ibut ion mak es the LHC orb i t  cont rol  unique. 

The aim  of  protot yp ing the orb i t  f eedback  in t he SPS w as to t est  the LHC BPM acquisi t ion system  under  reasonably real ist ic 
condit ions, even though the total  num ber  of  BPMs is sm al ler , t o evaluate the netw ork  com municat ions betw een components 
and to gain exper ience w i th such a feedback  archi t ecture. In  par t icular  the l im i tat ion due to the netw ork  w as invest igated. 
Valuable exper ience w as gained f or  t he f inal  design of  t he f eedback  system for  t he LHC.

System  response f unct ion. 

The m agni tude and phase relat ion are 
f i t t ed for  a second order  response w i th 
ω0= 14 Hz and ζ= 0.52 (sol id  l ines).

The COD Plant  D(s):
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The cont rol  of  t he orb i t  ∆x i (t )  w i t h CODs is descr ibed by the beam  response to d ipole k icks δ j  and by the dynam ics of  t he 
elect r ical  ci rcui t  and pow er  conver ter  of  t he CODs δ j= δ j (t ). To simpl i f y the problem the coupled d i f f erent ial  equat ion system are 
separated into space and t ime dom ain and solved independent ly using techniques f rom  cont rol  t heory and l inear  algebra:

beam response equat ion due to d ipole k icks: COD response due to external  exci t at ion Ej(t ):

xi t =∑
n

R ij⋅ jt 

Feedback  design:

First  order  f eedback  loop scheme. G(s) denote the steered 
p lant 's (COD & pow er  conver ter ), M(s) the monitor 's and D(s) 
t he cont rol ler 's t ransfer  f unct ion. X is t he actual , X' t he 
measured and Y the reference state of  t he p lant  t hat  is 
dr iven by the exci t at ion signal  E.
opt imal  cont rol  (zero- pole m atching of  p lant ) yields:

Cont rol ler  is d ig i tal ly implemented and housed on a 
standard PC. Since al l  data exchange are unid irect ional  and 
ret ransm it ted packets are as bad as lost  packets, t he 
exchange of  data is done through UDP/ IP that  can be routed 
(sw i t ched) through the technical  netw ork . The cor rectness of  
t he cont rol ler  computat ion, apar t  f rom  the cor rect  exci tat ion 
value of  PID cont rol ler , depends on the t im e w i th in  the resul t  
is del ivered to t he COD system .
The cor rect ion in space has a very h igh numer ical  com plexi t y 
(long calculat ion t ime). Hence the cont rol ler  cont r ibutes w i th 
a delay to t he total  loop.

Envisaged Control Solution:

Time Domain:Space Domain:
We use a SVD  based inversion algor i t hm  for  t he prototype in order  t o f ind a (pseudo- ) inverse 
solut ion to t he beam  response equat ion that  w i l l  move the spacial  orb i t  d ist r ibut ion to i t s reference .

Advantages:
●Easy elem inat ion of  (near - ) singular  solut ions (e.g. t oo h igh required def lect ions)
●Easy recalculat ion of  t he inverse beam  response m at r ix in case of  device conf igurat ion changes
●Correct ion through cast  of  simple m at r ix mul t ip l icat ion
●Fixed numer ical  com plexi t y →    f ixed computat ional  delays (pre- requirement  f or  real- t ime cont rol)

Solut ion are of  steady state def lect ions:  δ=  (δ 0, δ 1, .. ,δm )

Design of  a cont rol ler  D(s) t hat  sends exci t at ion signals E to t he p lant  (COD pow er  conver ter ) in  
order  t o m inim ise the r ise t ime t i l l  δ (t ) reached the steady state δ.
Zero- Pole matching: PID cont rol ler  (gains Kp, Ki  and Kd) compensates the dom inant  poles of  t he 
second order  p lant :
 

f oreseen: Sm ith- Pred ictor  extension of  t he PID in order  t o compensate the pole due to delay 
(sam pl ing and t ranspor t  lag due to netw ork  and f ront - end OS)

Ds=K Kp⋅1
K i

Tis
Kd⋅Tds

BPMB cal ibrat ion using the 
neighbour ing SPS moni tors in order  t o 
match

The m agni tude of  the slope and i t s 
sign shows that  t h is speci f ic BPMB has 
a sign er ror  that  has to be tak en into 
account .
The BPM fur ther  int roduces a sam pl ing 
delay (see delays)

Successful  t ested for  sampl ing rates 
up to 100 Hz.

The BPMB  M(s):
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Theory

closed- loop response ver i f icat ion
using external  step f unct ion:
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Measured f eedback  response of  
d i f f erent  PID gain set t ings to a step in 
t he reference posi t ion (at  2000 ms and 
8000 ms).
Top: pure integral  cont rol ler  (Ki= 1)
Bot tom: Zero- Pole matching
(the residual d i f f erence to t he step 
reference is a resul t  of  t he 
uncompensated delay pole)
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per form ance ver i f icat ion using
bode f requency response
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Top: external  ar t i f icial  orb i t  exci tat ion 
Bot tom : f eedback  loop on
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Dist r ibut ion of  t he residual  orb i t  
der ivat ions (f eedback  on) around the 
reference f or  a sampl ing f requency of  
100 Hz. The f i t  cor responds to a 
Gaussian d ist r ibut ion w i th σ = 8.51µm 

Measured per formance of  t he f eedback  
loop running at  20 Hz and 50 Hz. The 
at tenuat ion is g iven by - 20log(Ac/ Ar), 
w here Ac  is t he external  exci tat ion 
signal  and Ar  t he residual m aximum  
osci l lat ion ampl i t ude. The curve 
cor responds to PID gains of  Kp= 0.2, 
Ki= 0.8 and Kd= 0. The cutof f  at  low  
f requencies of  t he at tenuat ion is due 
to t he residual  BPM measurement  
noise and to the l im ited sampl ing 
durat ion.

Total  Feedback  per f ormance
At tenuat ion:

Packet  loss & long non- determ inist ic delays

'h iccup ' due to Buf f er ing 
in t he router

Conclusion
The LHC BPM acquisi t ion system  and a prototype f eedback  loop f or  orb i t  cont rol  have been successfu l ly t ested at  t he SPS. The local  loop was 
operated up to 100 Hz w hich gives the possib i l i t y t o increase the LHC design f requency i f  i t  is required. 

The test  have highl ighted the cr i t ical i t y of  t he netw ork  and of  t he operat ing system  for  t he implementat ion of  a d ig i t al  cont rol  loop. Future 
development  w i l l  f ocus on network  per formance, m inim isat ion of  delays and determ inist ic responses.
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Delays:
addi t ional  dom inant  pole due to:

●Sampl ing of  the BPMs
hal f  a sampl ing per iod (Ts/ 2)

●O(n² ) of  Cont rol ler :
SPS: negl ig ib le (just  6 Monitors/ p lane)
LHC: huge (~ 7.6GFLOP/ sample) Tc~ 14ms

●Ethernet :
SPS (old): routed 10BaseT, large non- determ inist ic delays 

(Tnet= 1ms .. 2s!)
SPS (new ): sw it ched 100BaseT, worst  case delay less than a f ew  µs 

(to be ver i f ied).
LHC (predicted): sw i t ched Gigabi t  Ethernet , ~ 27 km opt ical  f ibre, 

numerous sw i t ches, expected w orst  case delay below  1ms 

●Non- determ inist ic delays (Tmisc  due to the Operat ing System and 
netw ork / cont rol ler  implementat ion in the f ront - end computers in 
the range of  one to tens of  ms

Gdelay s=
1

T⋅S1
T=Ts/2TcTnetTmisc

Kp=
2
0Ts

K i ∧ Kd=
1

0
2Ts

2
K i

X 's=X s ⇔ Ms:=1

Exper imental  Resul t s

The delay pole increases the total  
response t im e respect ively reduces the 
per form ance

The cont rol ler  can compensate f or  t he 
overshoot  and T' but  not  f or  T response 
(preservat ion of  causal i t y)

Tresponse=TT'
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Simulated f eedback  response 
of  t he used PID gain set t ings 
to a step in the reference 
posi t ion. The normal ised 
posi t ion is p lot t ed as a 
f unct ion n of  t ime in  s. The 
reference posi t ion changes 
f rom  0 to 1 at  0s. The p lot s 
cor respond w i th in t he 
sam pl ing precision to t he 
exper imental ly measured 
responses. Deviat ions are 
l ikely due to unknow n and 
uncompensated delays.

Simulated at tenuat ion of  t he feedback  
loop running at  20 Hz and 50 Hz.
The m easured at tenuat ion is show n to 
be lower  than the pred icted one.
Be bel ieve that  the decreasing 
cont r ibut ion is due to delay.

- > Bet ter  k now ledge about  and cont rol  
of   actual  delays in t he loop is needed.

Simulat ion and model ing:
MAD- X tool  w as used to solve the problem in space domain and t o simulate the ef f ect  of  
d ipole k icks and other  m achine imper fect ion on the orb i t  orb i t . A l inear  m odel of  the machine der ived 
f rom  the MAD- X  tw iss informat ion simpl i f ied  and speed up the  (SVD) orb i t  steer ing algor i thm .

The pre- opt im isat ion w as done w i th Mat lab 

A testbed  that  simulates the open loop and orb i t  response consist ing of  COD- > BEAM- > BPM was 
developed. It  implements the sam e data del ivery mechanism/ in f rast ructure as the BPM and COD 
f ront - ends. 

●present  and fu ture feedback  cont rol ler  can be tested w i thout  beam  and running m achine
●cont rol ler  be tested under  LHC sim i lar  condi t ions.

The testbed runs up to 1 k Hz for  a f u l l  SPS resp. 50 Hz f or  a f u l l  LHC orb i t  simulat ion which is 
suf f icient  f or  a precise simulat ion of  the p lants that  have bandw idths of  ~ 14Hz (SPS) and ~ 1 Hz (LHC) 
and closed orb i t  m ovements in t he machines.

A Sm ith- Predictor  extension  is f oreseen to be added to the PID cont rol ler  in  order  t o com pensate f or  
t he worsening ef f ect  of  t he t ranspor t  lag T (com pensates T'). The Sm ith- Predictor  preserves the 
design character ist ics  of  the un- delayed p lant  as show n in the f igure. It  includes and is sensi t ive to 
t he p lant  sim ulat ion and delay est im at ion. A good p lant  model  and determ inist ic delays (constant ) are 
required.
Wrong delay est im at ion may dr ive instabi l i t ies in t he f eedback  loop.

Sm ith- Predictor  schem e. The internal  f eedback  path includes a 
simulat ion of  the p lant

Sim ulated ef f ect  of  t he FB-
loop includ ing Sm ith- Pred ictor

Simulated closed- loop response:

Delay f ingerpr int  of  the testbed:

In order  t o w ork  in real- t ime i t  is im por tant  t o m easure the 
w orst  case delays of  the involved subsystems.

The execut ion t im e is the t im e between the external  HW 
t im ing star t  t r igger  t i l l  t he f in ished simulat ion step (includes 
latencies)
(b lue) w i th  real- t ime cont rol
(red)  w i thout   real- t ime cont rol

The w orst  case j i t ter  (RT case) of  2ms is acceptable f or  the 
f oreseen slow  LHC orb i t  f eedback

Smith- Predictor  extension of  the PID cont rol ler :

Simulated total  f eedback  
per formance:

un- delayed plant
PID cont rol ler
PID &Smith
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