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RF cavity: amplitude and phase feedback

task: maintain phase and amplitude of the accelerating field within
given tolerances to accelerate a charged particle beam

o operating frequency: o design choices:
few MHz / ~50 MHz (cyclotrons) m analog / digital / combined
— 30 GHz (CLIC) = amplitude/phase versus 1Q
control
0 required stability: o control of
102 — 10-# in amplitude = single cell/multicell cavity
(1% - 0.01%), with one RF amplifier
1°-0.01° (102 — 10 rad) in phase (klystron, 10T,...)
(0.01° @ 1.3 GHz corresponds to 21 fs) m string of several cavities

with single klystron

o often: additional tasks required like (vector sum control)

exception handling, built-in = pulsed / CW operation
diagnostics, automated calibration, ... . gg\%‘iglsl superconducting
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RF applications

RF cavity: amplitude and phase feedback (2)

Analog/Digital LLRF comparison — Flexibility (ALBA)
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1 DlHeselution.. ], HegulatorGLK:input=gng;

Efisguino Reset :input=gnd;clk: input ;Calibrate, Switch: input=gnd:
e Q[Reselution..0],GainfrrordutfResolution. 0], 0FFsetErrorut] Resolution. .0], neasur ® ave
- sariable  Gainfrror[Resolution..@],0fFsetfrror[Resalution. .0],00¢¢[Resolution. . 8], GdFF[Resolution. 0], plirb SOFFE;
| wairstatecounter| log?{alinrationwaitstates) . 0] 0FFE;
) RegulatorCLKSyne onepulse ;
St umres
Farometer Limitatedfdding:LinitedAddition with ( Resolution-Resolution);

multiplier:HstRespectluebulClk with {  Abit-Resolution Bbdt-Resolution,
Hesul EBEtHigh-ResolutionsResolution,
HesultBitlow=fesolution);
S5 @ WACHINC OF BITS ( measUreEHDN , ARaSUre elnputn,Calibrat
WITH STATES (  ddle = BUme,
SuitehlolfFsetBalibration o,
DEFseLGalibration o,
StopOffsetCalibration e

Analog: any major change would need M o

EainCalibration Brimr,
StopGainCativration BUime,

a new PCB design. i SuibehTobarnal Input - BT

55 (C1H 008, FeseE)= (01N, REQUIALAFCLRSYRG . Peset) s
waltstatecounter] . (clk,enal={clk RegulatorCLES e . q)
i waitstatecounter].q==ynd Lhen

- - TARLE
- a5, Calibrate L waitstatecounter|].d;
Di g ital: most of future changes would : % Tebopuserrerntivemim: SR s
SwitchToDf fsetCalibration, x =» DffsetCalibration, CalibrationMaitstates;
- - - OffsetCalibration, ® =» Stop@ffsetCalibration, StopValtstates;
be am atte r of re p rog rammin g th e d i g |t a | StepdfrsetOalibration;  w -> SwitchatainCalibraticn,  Switchialtstatess
SwitchioGainCalibration, L] » EGainCalibration, Calibrationaitstates;
GainCalibration, ® =¥ StopGainCalibration, Stoplaitstates;
processor StepGainCalibration, Ed =» SwitchToMermallinput, SwitehWaitstates;
. SwltchToNornal Tnput , x =3 idle, Stopialtstates;
EHD TRELE;
else  waitstatecounter]].d=waitstatecounter]].q-1;
end 4fF; -
H. Hassanzadegan (CELLS) __|TE Tz TG a7_Tmsiel | C
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[ RF applications

RF cavity: amplitude and phase feedback (3)

basic feedback loop:

r(k), e(k)
setpoint $-

C(2)

u(k)

output disturbance

w(k)

G(2)

b y®

N

digital

output
?5_

(k)

me;sure ent noise

analog — digital: G(z) = °

Lo (N (60

u(k) | : u

Hoar )

______________________________________________________________________________

Z S
STy continuous system
vec. | [ TR '; y(k)
mods et —~Eeail—ADC .
! |lsample

i, P

“digitized” “zero-order-hold”

‘continuous”

10

® digitized"

QOQE @ =350

setpoint

plant output
measurement noise
output disturbance
control error

plant input
controller

plant

(klystron, cavity, ...)

(due to zero order
hold function of DAC)

task:

model the plant
to find G(s) and
transform it into Z-space
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RF cavity: amplitude and phase feedback (4)

output disturbance

) = GC I — ]+ 1 . w(k)

B B k), e(k) 1 b e
&KG_C/ LE(E( setpoint I- C(2) = G(2) _.(g__c;i‘fpzlt

T S o
complementary sensitivity T+S=1 digital measurgrgl;e)m noise

sensitivity function function

e GO + ! | ] er =r (tracking error)

=|l——n+|——||r —w =r -

""i+acl "T1+GC T y J

+ GC: open loop transfer function

+ for output y :

, ~N

measurement error n behaves like a trade-off
change in the setpoint r ==p T should besmall | "~

(e.g. I/Q sampling error...)

+ output y should be insensitive for low
frequencies output disturbances w
(—high gain with the controller to get GC>>1)

(robustness)

mmp S should be small

> performance
and
robustness

(performance) _J

w 07 June 2007
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RF cavity: amplitude and phase feedback (5)

LTI feedback: Bode integral theorem - waterbed effect

« if GC has no unstable poles and there are two or more poles than zeros:
(continuous: no poles in the right hand plane; discrete: no poles outside unity circle)

continuous: discrete:

f In|S(iw)|dw =0 / In|S(e™)|dw =0
0 -7

®

« Small sensitivity at low frequencies must be “paid” by a larger than 1
sensitivity at some higher frequencies  “"waterbed effect”
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RF cavity: amplitude and phase feedback (6)

representation of RF cavity (transfer function / state space)

. - . . I I
simplified model: LCR circuit 5 — ~
— fcav
V(t): cavity voltage
I(t):  driving current (from generator and beam) 1 7\ Zext L Rj— c I,
wo: resonance frequency of undamped cavity NS N
Qr: loaded quality factor of cavity
Ry: cavity resistance incl. external load I
differential equation for - Wo woRr, &
| quat Vi) + 22V () + w2V(t) = i)
driven LCR circuit: Qr Qr,
stationary solution for a harmonic driven cavity:
~ ) v — Wi e
V(t) — V . SlH(Wt + T,D) Rlo oy A=~ | éAoJ—m,,-(n
ol o R, I, bandwidth: Wo '
. ~ Wi1/92 = ——
1+ (2Qra2) 27 2Qr
Aw detuning:

detuning ., w201

angle: W Aw = wWo — W
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RF cavity: amplitude and phase feedback (7)

separate fast RF oscillations from the slowly changing amplitude/phases:
(slowly: compared to time period of RF oscillations)
(notation:

r t iwt Ir t iwt
V() = G//EtD e I(t) = (I-s((tD et real and imaginary parts
instead of 1/Q values)

i Vr _ —(.u‘l/g —Aw ) r + RLwl/g 0 . IT
dt Vj N Aw —Lu‘l/g Vi 0 RLwl/Q I—i

Laplace transformation: state space:
Vi(s)\ _ Wi /2 5+ w2 —Aw \ (Rp-I(s) .
(‘Ef‘}(s)) T AW + (s +wija)? ( Aw  s+wip ) (R;, -I.,-_(s)) X(t) = A X(t) + B - U(t)
S e’ ~ — - ~ -
t) =C-x(t
V(s) Hau (5) U(s) y(t) (t)
' : . A0 _(1.(t)
cavity transfer matrix (continuous) x(t) = (1 (t)) u(t) = (7 (t))
z transformation (continuous — discrete with zero order hold): A = (_sz _;Aw) C = ((1) (1))
H@ = K’ _M}—[A ey Py Ly ] let matlab R 12 .
o’ +o, |Ao o, @ +w, 7' —226"" cos(A@T,) +&**" . B LW1 /2
o sal) ro o, dothejob|| B = ( 0 Rme) y(t) = x(¥)
.{(Z—e““.cos(Aa)TS)).[Am Y D—e“.sm(Aa)Ts).Lw Aw}} for yOU!
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[ RF applications

RF cavity: amplitude and phase feedback (8)

properties of cavity transfer functions:

Wi /2

_ & W2
Awg + (S + W1/2)2

}Jkav(s) Aw

(

—Aw
S + wl/g

Ifil(s)

ffi (S)
Hy (s) '

}fj (é)

2
2

)= )

+ Aw=0 (cavity on resonance)

+ AW#0 (cavity off resonance)

o cavity behaves like a

first order low pass filter
(20 dB roll off per decade)

1/Q (or amplitude and phase)
are decoupled

a

Wi /2
S+ w1/2

ng(S) = HQl(S) =0

Hll(S) = HQQ(S) =

o |/Q are coupled
H,(s) (A0=0)

®,,=21-160 Hz
o=2n-1.3 GHz

f {! :i(S)\\\
Ao

cavity ; \
=21-240 Hz \

detuned
10'

L
o if Am=Aw(t)

mm) cavity models are time variant,
control is more complex

% 07 June 2007

T. Schilcher

CAS, Sigtuna, Sweden
DSP - Digital Signal Processing

10




"
RF cavity: amplitude and phase feedback (9)

example: loop analysis in frequency domain (simplified model !)

superconducting cavity: Q,=3-10° Aw=0 Hz fi=10 MHz
f,=1.3 GH ®;,=216 Hz :
0 z open loop transfer function
50F i = : ; b : i : G i
F S e T gainmargin
0 C2) z" G2 |y - S I B S e
% o7y S— N ..‘.".‘.‘.‘.‘.‘.T“.'.-.._‘._‘;.-.'.. ‘-H"““‘-w-.__
_ S ctrl.+cav.+delay | |7 .
controller cavity -100 _ | ]
10 1( 10
IOOp delay frequenpy [Hz]
PID: uk) = u(k-1) : . !
+(Kp+ Ki+ Ky) - e(k) E i Mx___@ """"" yquiy=> MHz1 -1
00 . A e g ¥ e N i )
+Kq - e(k - 2) 5 -200 CUTTTphiase margin \ R
rule of thumb: -300 - - _
Gain margin at least between 6 and 8dB P trequency [Hz) i
Phase margin between 40° and 60°
CAS, Sigtuna, Sweden
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[ RF applications

RF cavity: amplitude and phase feedback (10)

example: loop analysis in frequency domain

superconducting cavity: Q,=3-10° ty=1 us fi=10 MHz
f,=1.3 GHz ®,,=216 Hz e .
complementary sensitivity function
W * ! K =300
closed loop: o) k=40
\N
(k) - N y(k) § 3 i TR =300H:+4
— BT s S0 \ K01
= -
open loop: g frequency [Hz)
| s nyquis™ MHz{
2 B 3. 100 ' |
1]
| L S T T -
= Q-_200_. is
8100}
g -300 : | |
phase *° 10° 10* 10°
) ' n ~ frequency [Hz]
margin! 0 equency [Ha "
07 June 2007 CAS, Sigtuna, Sweden 12
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] RF applications

RF cavity: amplitude and phase feedback (11)

example: loop analysis in frequency domain

superconducting cavity: Q,=3-10°
f,=1.3 GHz ®;,=216 Hz

choose parameter such that

» dominant disturbance
frequencies are suppressed

amplitude [dB]

-100

* no dangerous lines show up
in the range where the e
feedback can excite

» system performance will not
be spoiled by sensor
noise due to increasing loop
gain

phase [deg]

-100

tp=1 ps f;=10 MHz

sensitivity function

bandwidth=47 kHz

10* 10
frequency [Hz]

100+

10° 10
frequency [Hz]

10

07 June 2007
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RF cavity: amplitude and phase feedback (12)

example: loop analysis in frequency domain

superconducting cavity: Q,=3-10° Aw=0 Hz fi=10 MHz
®,=216 Hz sensitivity function
variation of the loop delay ol ' '
(boundary condition:
. . = 20
keep gain margin constant at 8 dB; K;=0.1) 3
t K loop bandwidth g 40y — s
(-3 dB) 5 | —15ps
5 s 87 11.9 kHz = 10ps
3 s 145 20.6 kHz 80 | iy
2 s 223 32.2 kHz — =03 ps
-100 : ' :
1.5 s 278 40.3 kHz - o o
1.0 ys 436 63.6 kHz frequency [Hz]
0.75 s 539 78.6 kHz 200
0.5 ps 832 121 kHz S 150f
0.3 us 1303 190 kHz ©, 1007
% 50r
© or
mm) total loop delay is an important s el

parameter; keep it as small as possible! 10° 10* 10°
frequency [Hz]

CAS, Sigtuna, Sweden
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[ RF applications

RF cavity: amplitude and phase feedback (13)

so far: loop analysis done for fixed detuning (Am=0) only!

things get much more complicated if Aow= Aw(t)

=== time varying control

example: pulsed superconducting cavity
with high gradient

== strong Lorentz forces

mm)p cavity detunes during the pulse

pulsed operation of
superconducting cavity

: _cavity amplitude

R T e R LR E T e

R T 15 MV/m
TN P, LA 20 MY/
) 5100.“‘“.“___‘.:.A...f".:- AAAAA — o i 3UMme
remember: o(s) = 172 ( S ) o0 . i
Hea(s) = 57 (5 +wy 2)? s AWy /9 B Opey e
1 oo | RS WL SO, SN~ < SR < A
W i .
Ao : function of the gradient (tlme Varying) ™ 200}- cavity ﬂeiunl‘ng\\\ """""" : "'V"{ """""""
. 300 : RS
==y stability of the feedback loop has to be 0 500 1000 1500
time [ps]
guaranteed under these parameter changes!
== this might limit the feedback gain in contrast to the simple analysis !
=) design of “optimal” controller under study at many labs...
CAS, Sigtuna, Sweden
07 June 2007 DSP - Digital Signal Processing 15 i
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[ RF applications

RF cavity: amplitude and phase feedback (14)

cavities

superconducting

normal conductingl_

+ Q, : ~few 10° - 107
cavity time constants

T, = Q/(nfyp): ~few 100 ps
bandwidth
f,,=f:/(2Q,): ~few 100 Hz

+ feedback loop delay small
compared to t_,

+ Q. :~10-10°
cavity time constants
Ty ~few ps
bandwidth

£, ~100 kHz

+ feedback loop delay in the
order of 7_

loop latency limits high feedback gain
for high bandwidth cavities!

amplitude [dB]

phase [deg]

if the gains/bandwidths achieved by digital feedback

systems are not sufficient

[ m 7=()5 s === =3 ps
=0.75 ps = =5 ps

F - =17 s

F oo =] ps
— =2 s

-
b Y

10°
Q=21 04
fRF=3 24 MHz

=) analog/digital hybrid system might be an alternative !?

104 ]

frequency [Hz]

07 June 2007
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[ RF applications

amplitude and

LLRF: J-PARC linac
(RFQ, DTL, SDTL)
+ 400 MeV proton linac

+ pulsed operation; rep. rate:
12.5/25 Hz;
pulse length: ~500-650 us

+ vector sum control

+ normal conducting cavities;
Q;~8°000-300°000
Toay~100 ps

requirements / achieved:
+ amplitude: <+-1% /< +-0.15%
+ phase: <+1° [<+-0.15°

_-.Balcelona

FPGA board

combined
DSP/FPGA
board

phase feedback: example

ADC4 4.....,
fRF ADS345 y
11Q N A R —
modulator] |V -4 4_—| W g o o
| iI‘lplII“ “Qinpm klystron circulator - I%;;J_‘n—r 3
=32
 Mins FF Itable FFbeam I table
f,, =312 MHz o .
fp = 12MHz| o = H=
fim™ > | f, = 48 MHz fable_| = | 1_set table
= -\1-\] —
iAA frig
% fLO ATT
L | e
?3 E‘s\ﬁg 12 MHz
§ ..,I- 7“ i
H
5 fLo
sml'lsoll.ltput
(Spectrum Balcelona)
’ S— FPGA 1 FF Qtable FFbeam_Q table
S. Michizono (J-PARC)
performance:
m loop delay: 500 ns m bandwidth: ~100 kHz
m gains: proportional~10, integral~0.01

07 June 2007

CAS, Sigtuna, Sweden 17 :
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[ RF applications

Outline

4. algorithms in RF applications
0 feedback systems

B radial and phase loops
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[ RF applications

Feedbacks in hadron/ion synchrotrons

booster synchrotrons:

capture and adiabatically rebunch the beam and accelerate to the desired
extraction energy.

Beam Control System BLT)| ser |
task: control of
o RF frequency during the ramp /
(large frequency swings of up to a factor of ten, 9 Aa ad oo e

usually from several 100 kHz to several 10 MHz)

. . Typical LEIR commissioning cycle.
o cavity amplitude and phase i 7Y
(ampl. can follow a pattern during acceleration) dB _ ,df 5 AR

o mean radial position of the beam

0 phase between beam and cavity RF —— deviations from @ will lead to
(synchronous phase @) synchrotron oscillations

o synchronization to master RF phase
(to synchronize the beam transport to other accelerator rings)

in reality: errors due to phase noise, B field errors, feedbacks are
power supply ripples, ... required

CAS, Sigtuna, Sweden

DSP - Digital Signal Processing
T. Schilcher
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[ RF applications

Beam Control System

phase radial

{ .. B (bending magnet field) pickup pickup

l ,l, (VCO)

- (WCM)|  (BPM)
freq. +:-, | freq.
program| " x"  |generation
A D, D,
cav AR
amp. |(«{H€H>AD |«
ctrl. |en
|
A+ phase | A®D,
- ctrl. [~
radial | AR
ctrl. |~
/)
frequency program: R

1) calculate frequency based on the B field, desired radial
position
2) optimize the freq. ramp to improve injection efficiency
3) generate dual harmonic RF signals for cavities
(bunch shaping)

beam phase loop

damps coherent synchrotron

oscillations from

1) injection errors (energy, phase)

2) bending magnet noise

3) frequency synthesizer phase
noise

radial loop

keeps the beam to its design
radial position during acceleration

cavity amplitude loop

1) compensates imperfections
in the cavity amplifier chain

2) amplitude has to follow a
ramping function

synchronization loop (not shown)
locks the phase to a master RF

CAS, Sigtuna, Sweden

DSP - Digital Signal Processing
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[ RF applications

Beam Control System: from analog to digital

phase radial

f .. B (bending magnet field) pickup pickup

l l digital

freq. _io > NCO

program y {
R A i | DDC | [ DDC | | DDC |

amp. -:’)ﬁ— ks
ctrl. lea AD,
:
A+ phase | AD,
L cirl. ||
radial | AR
ctrl. |

A

R,

How do we setup the control loops?
==mp mModel required

in ‘80s: DDS/NCO replace VCO
(VCO:
lack of absolute accuracy,
stability limitations if
freq. tuning is required
over a broad range)

in recent years (LEIR, AGS, RHIC):

fully digital

beam control system

+ digitize RF signals (1/Q, DDC)

+ all control loops are purely digital

+ feedback gains: function of the
beam parameters (keep the
same loop performances
through the acceleration cycle)

07 June 2007 CAS, Sigtuna, Sweden
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] RF applications

Radial and phase loops

beam dynamics delivers the differential equations = transfer functions

transfer functions without derivation:

RF freq. (NCO output) to phase deviation of the beam Hyp(s) = AAQ‘)B = — i 5

from the synchronous phase WRF 8" T Wy
i R b

RF freq. (NCO output) to radial position R R(s) = Awpr 2+ wf‘;

o= g (E): synchrotron frequency,

model of the system: depend on the beam energy
NCO ® b=b(E,®): function of energy,
amplifier  cavity delay H(DB — synchronous phase
N = i since energy varies along the ramp
0 st o, C

THL mm=p time varying model !
R [ LPV: linear parameter varying model

design of the controller: parameters have to be adjusted over time to meet the
changing plant dynamics (guarantee constant loop performance and stability)

07 June 2007 CAS, Sigtuna, Sweden
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RF applications

Phase loop: example

implementation example (test system for LEIR): PS Booster @ CERN

'FREF
programmable
proportional gain

B-train — Freq.

fuy —»fProgram

Phase loop: DSP implementation

‘Start phase loop' soft timing
Zero / closes the switch on ¢, .

(‘6"1'

phase-to-freq. conversion

lIR: 18t order high pass
D cut-off: 10 Hz

______________ — AC coupling

|
| | .
@m@w: — [ woos {21 master DDS (MDDS)
1/ I
|

s Clock
X 1 ref

:/‘ e o0C | ¢ {75 geam l+—{| sDDS several slave DDS
__ M.E. Angoletta (CERN) | v [ (SDDS)
Adp ~sin(dp — drp f=f * cavity control
’ B (échb f Ib)QC 0.6 - 27.9 MHz f.,~0.599-1.746 MHz (2 harmonics)
~ /P Q2J/TI1 Q2 CIC: 1 order, R=1 (inj. / ext.) * RF signal for diagnostics
) |7 x ¥ group delay: 1.67 - 0.57 Us ]
|sing| = |7 |OOp bandW|dth: 7 kHZ

CAS, Sigtuna, Sweden 23 &
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[ RF applications

Radial loop: example

implementation example (test system for LEIR): PS Booster @ CERN

B-train —s{ Freq. REF

Radial steering

[ - ‘r;‘NJ ——» program
[mm]
dfph_luup

Radial loop: DSP implementation

(T e o ) | (— | . | (G| s s, . | S -
| " closss e omtctions, | | phase-to-freq. conversion
| [mm] e Pl + |
I s (o setps) ' I different parameters

‘\ . . .

I ———1 1+ atinjection/extraction

/] wm | (synchr. freq. changes!)

I (= 50 mim) [ — — — — — — — — — —

l FwW

| i i

I g : MDDI“EF*PL master DDS

I I = fuvoos — Clock

| eow L repel. = —_ | ref

| [ oo | Re %J ‘A Acsyr N Riﬁa[ l«— Beam -st e— Slave DDS

1 I' I 1 .
IM E. Angoletta (CERN) N . to generate RF drive
geometry = =~ = % f=f, pps=9-6 - 27.9 MHz output to cavities
scaling f =0.15—0.44 MHz CIC: 1%torder, R=64
factor group delay: 107.2 - 36.6 ps
07 June 2007 CAS, Sigtuna, Sweden o4
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[ RF applications

Outline

4. algorithms in RF applications

d adaptive feedforward

CAS, Sigtuna, Sweden

DSP - Digital Signal Processing
T. Schilcher

07 June 2007

25



[ RF applications

Adaptive Feedforward

goal:

+ suppress repetitive errors by feedforward in order to disburden the feedback
+ cancel well known disturbances where feedback is not able to (loop delay!)
+ adapt feedforward tables continuously to compensate changing conditions

adaption warning:
feonrn | adding the error (loop delay corrected)
feedforward to system input does not work!

¥ %+ y(k) (dynamics of plant is not taken into account)
ctrl — plant >
u(k) output

setpoint f-

How to obtain feedforward correction?
we need to calculate the proper input which generates output signal —e(k)

==mp inverse system model needed!

CAS, Sigtuna, Sweden
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-
Adaptive Feedforward (2)

in reality: model for plant not well known enough
o system identification =mp  mModel
0 measure system response (e.g. by step response measurements)

linear system (SISO): Ay(n) iy 0 Au(t)
itk ik : - : ' : —t +
Ak, G(2) I Ay(rp) Ry ... Ry Ault,) LY de

\ ) N\ -~ S —— loop delay
system system test inputs
output response matrix

in successive measurements: apply Au(t,) and measure response Ay

== results in R (with some math depending on the test input)

== invert response matrix T=R! (possible due to definition of sampling time 7, =t, + )
Aid =T Ay

feedforward for error correction: AF=T.e=T. (t — ¥)

CAS, Sigtuna, Sweden
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.
Adaptive Feedforward (3)

pulsed superconducting 1.3 GHz cavity:
works fine in principle

measure S stem response

T4 T2 T1p inverted
721 722 T sz System but'

response _
+ remeasure T when operating
. [ point changes (amplitude/phase)
S < (non-linearities in the loop)
1] .
calculate + response measurement could not
correction of
old FF table t be faSt enough

t
measure control new FF
A * table
m) need for a fast and

= =
J\m—L i robust adaptive feedforward

t filter t algorithm!

CAS, Sigtuna, Sweden
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[ RF applications

Adaptive Feedforward (4)

3000

Old vs. New Feeforward Table

1T 'H bR H H . B i
time reversed” filtering: @ ~ Curr. FE Table |
m developed for FLASH, e ﬁ:ﬁ:,f;r;gfl@
in use at FLASH/tested at SNS Dt |~ New FF Table Q
m works only for pulsed systems o
. oF ™\ IS
= not really understood but it R forward power (1/Q)
works within a few iterations! 1000 | ' | |
0 500 1000 1500 2000 2500

recipe:

m record feedback error signal e(t)

m time reverse e(t)—e(-t)

m lowpass filter e(-t) with o, ,

m reverse filtered signal in
time again

m shift signal in time (At,gp) tO
compensate loop delay

m add result to the previous FF table

1000

-1000

4000

3000 |-

2000 -

. A. Brandt (DESY
Setpoint vs. Probe randt (DESY)

— Setpoint Table |
Setpoint Table Q

-—- Probe |

--- Probe Q

| cavity

m-amplitudelphase (1/Q)

|
500 1000 1500 2000 2500

best results: o, , = closed loop bandwidth
At, e = loOp delay
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[ RF applications

Outline

4. algorithms in RF applications

0 system identification

CAS, Sigtuna, Sweden
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[ RF applications

System ldentification in RF plants

goal:  + design (synthesis) of high performance cavity field controllers
IS model based,;
mm) mathematical model of plant necessary o
+ model required for efficient feedforward : pptmmt
T csomaiany | o
=) system identification ' =

resonant circuit
model

9(t)

d(t) K
l y(t)
real plant: w(t) v+

cavity

output error (OE) model structure: u(t)—

system identification steps

+ record output data with proper input signal (step, impulse, white noise)
+ choose model structure
o grey bOX (preserves known physical structures with a number of unknown free parameters)

a black box (no physical structure, parameters have no direct physical meaning)
+ estimate model parameter (minimize e(t))

+ validate model with a set of data not included in the identification process

CAS, Sigtuna, Sweden
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-
System ldentification in RF plants (2)

example:
pulsed high gradient superconducting cavities with Lorentz force detuning
LPV: linear parameter varying model

ﬁ
cavity field

beam phase
filtered
w - . - g
Differential Equation(s)
ﬁ 5 o , iR . . .
forward power V= ( A:Jn{') fwl{ f)) “V+Riwip - (I + 1) bandwidth
fitered | 1 diff. eq. for Lorentz force detuning 1 f‘
w w
e parameterized model e,
Daam cumant k —) detuning during
filtered pulse
m = - Fi=
07 June 2007 CAS, Sigtuna, Sweden 30
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"
System Identification in RF plants (3)

example: identification of Lorentz force detuning in high gradient cavity

different parametric models:

dlffer_entlal _ measure OE(1,1,0): Acs(t) = — - (Aw(t) — Awp) — 20 B2
equation for cavity ampl./phase; OE(1.2.0 Tm Tm
. - . - _ Aty 2 rA A — -2 2
cavity ampl./phase derive dV/dt, de/dt (1 ’t) AG(t) = = —Aw(t) — wi (Aw(t) = Awr) = 2mKwy, Eq
H loop delay
(pOIar coordlnates) order of denominator polynomal in transfer function
\ / order of numerator polynomal in transfer function
LMS fit for constant parameters OE model (1,1,0) OE model (1,2,0)
. 200 200
(e.g. ®,,, shunt impedance R, ...); — calculated data = calculated data
o . — model fit | — model fit
solve remaining equation for A® O Oy
1 200
, 400
derived data: Ao Ly
=-600
| =
-800
system identification (OE) for Ao 1000
(grey box model) )
s 1000 2000 % 1000 2000
time [ps] time [ps|
M. Hiining (DESY)
CAS, Sigtuna, Sweden
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[ RF applications

Conclusion/ Outlook

+ performance is very often dominated by systematic errors and non-
linearities of sensors and analog components

+ digital LLRF does not look very different from other RF applications
(beam diagnostics...) === common platforms?

+ extensive diagnostics in digital RF systems allow automated

procedures and calibration for complex systems
(finite state machines...)

+ digital platforms for RF appllcatlons provide playground for
sophisticated algorithms

Now it's your turn
to contribute to this
exciting field!
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