RF Control Challenges for the X-FEL.:
Cavity Model and Controller Design
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e 9-zelliger TTF Resonator:

HOM-Koppler Verstarkungsring Einkoppler-Flansch

Messantenne HOM-Koppler
(HOM: Higher-Order-Mode)
Parameter Wert
Resonatortyp Stehwelle, 9 Zellen
Beschleunigungsmode TM10
Frequenz der Beschl.-mode 1300 MHz
aktive Lange 1.038 m
Af [ AL 315 Hz /um
unbelastete Glte >1010
belastete Glte, Bandbreite 2.5 1¢, 260 Hz




RF Control Model

Goal:
Maintain stable gradient and phase

Solution:
Feedback for gradient amplitude and phase:

amplitude
controller  klystron cavity
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Model:
Mathematical description of input-output relation of compo-
nents combined with block diagram:

Amplitude Loop (general form):

klystron -
referanie controller ¥ cavity .
Input error ff DoOwer outpu
+ » amplifier |— [TPOWEr1 >
: P amplifier plant
monitoring
transducer
gradient detector
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RF Control model using “transfer functions”

reference controller klystron cavity
Input error control input output
R(s) E(s) U(s) Y(s)

+ » H.(s) —™ K(s) » P(S)}—s—»

M(s)

gradient dectector
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Kavitaten fur TESLA
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e Beschleunigung:
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e Gepulster Beschleunigerbetrieb:
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Field distributions in cavities

Elliptical cavity: Numerical solution for surface fields:

Agjutig
der Kinviiiit h‘""-.. Magnelische
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Relations for the surface fields to acclerating gradient:

E
P B

veakl Eace = 1,98 minimize this to reduce field emission

veakl Eacc = 4,17 [MT]/[MV/Im] minimize because of maximum critical

field of the superconductor



Cavity Model
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Only envelope of rf (real and imaginary part) is of interest:

U(t) = (U (t) +iUsi(1)) - exp (iwgrpt)
L) = (Iple) + il,:(0)) - xp (i)
(Ibwr (t) + 1y (t)) - exp (inFt) = Z(Ibgr (t) + 1d40; (t)) - exp (inFt)

—
o
—
-
N
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Neglect small terms in derivatives for U and |

U, 1l < whe(Uo(t) +ili(1)
2w1/2(Ur + ’Z/Uz (t)) < w?HF(Ur (lf) + ?/U@(t))

ta

[0 + il < [ wnp(n0)+ i)

{1 t1

Envelope equations for real and imaginary component
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Ur(t) +wipp - Up + Aw - U; = wHF(—) ‘ (EIQT + Tyor)
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Matrix equations:
(;Tr(t) _ | ~wiyp FAw | L U,(t)
Ut) | | Aw  —wip | | Uil?)

o
+‘“HF%)‘[0 1]

With System Matrices

. [ el N ]

NG Y

fl i] Ibgr
0= {6 i) = ! O

General Form

Z(t) = A - Z(t) + B - d(t)



Solution
t

2(t) = ®(t) - T(0) + /(I)(t _ ). B a(t')dt

IR (Awt) —sin(Awt) |
U [sin( wt)  cos(Awt)

special case u(t) = o dgr () + Toor () | _ _
L) + Toi(t) | =

~N~
[ — |

. [ wl/g —Aw ]

Aw Wi/2

.{1_ l CQSgAwt) — sin(Awt) ] ewmt}. [ I

sin(Awt)  cos(Awt)
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« Continuous Model

Vr — [_(01/2 _A(D(t):| . Vr + [R ®q /9 O ] ' Ir
2

A(D(t) —0)1/2 VI O R 0)1/ I|

Q%

2Q

where ®;,, = and Ao(t) = wp(t) —oy;

State Space Form X = A-x+B-u
y=C-x+D-u

t
with solution X(t) = eA' L x(0) + IeA' ".B- u(t—r) - de
0



* Discrete Model
State Space Form Xk+1 = Aq - Xx + BgUy
Yk = Cq- %+ Dguy

AT, Ts
where Ay =e ° By = _[ "Bt Cy=C Dyg=D
0

A = e—(ol/z-TS cos(AmT) —sin(AnT,) 1=y, Ty —AoT,
‘ sin(AoT,) cos(AwT,) AoT, 1-0,,,T,

2
®q,o0¢ Aww,,,T/2

Aoy T 2 o,,T,

k
with solution ~ x(k) = A-x(0)+ ¥ AT B u(k— )
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Discrete Cavity Model

Converting the transferfunction from the continuous cavity
model to the discrete model:

1o S+m® —A®
H(s) = 5 12
A®”+(s+m,) | A® St g,

The discretization of the model is represented by the z-trans-
form:

i = (1-J2) - 252 il

®qo W5, —A®
H(z) = — S|t

t = KT,
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( W12 z-1 ]
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DESY
Cavity Transfer Function
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CH1 Spy  10Q MAG

Excitation of other Passband Modes

Example: TESLA 9-cell cavity
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E, at center of cell [MV/m]

Excitation of other Passband Modes (2)

47.77

47.67
-1

TESLA 9-cell cavity with 1 MHz beam (M. Ferrario)
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Cavity Transfer Function
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Discrete Cavity TF
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Cavity Model

Cavity Field
Vil = |7®12 —A® 1V, R @y, 10 r
Vi _Aoo 015 |V 01 _Ii_

Mechanical Properties

[ae) = [1/1] - [a6] * [2n/K ] - (D)

or

Ao [0 1 .A.(o+2nw§]Km{O 0] 0
Aol -0 -1/t |Aw 0-1 [(v+V)

Typical Parameters

Agy = _ % R_(r
® 7 Pom % P12 = 5T T T o) QL

I

0y = 2n-13-10,Q, = 3-10° ,(Q

Q 2
) = 1030 = K, = ~1 Hz/(MV/m)



Control Choices (1)

Self-excited Loop (SEL) vs
Generator Driven System (GDR)

Vector-sum (VS) vs individual cavity control
Analog vs Digital Control Design

Amplitude and Phase (A&P) vs
In-phase and Quadrature (I/Q) detector and controller

TU-Harburg, Jan. 05 Stefan Simrock
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Control Choices (2)

Phase Amplitude
M.O. Controller Controller _ Klystron

© @

A
Phase _I
Setpoint™ @ _
Generator Driven Resonator
Phase Gradient Detector
petecter 3800800000
Gradient r ,
Set Point Cavity
o Phase Amplitude Klystron
Limiter Controller  Controller
a @ A

® <= Loop Phase Gradient Detector

Self Excited Loop

Gradient
Set Point

Phase Phase

Setpoint Detector
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Digital Control at the TTF
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Digital 1/Q Detection

mixer
RF local oscillator (LO)
1300 MHz 1300.25 MHz
IF
250 kHz

« downconversion of cavity field
to IF frequency at 250 kHz

e complete phase and amplitude
iInformation of the accelerat-
Ing field is preserved.

TUHH, Jan. 05

amplitude

U cos(mt+Ao)

e

o sample IF signal at 1MHz rate

» subsequent samples describe
real and imaginary component of
the cavity field.




Adaptive Feedforward

_ Step Step Response
w | |
L o Closed Loop = 1
2 | System S |
—~ I Z 018
,-l: 1 —~ | - ——
E 000 % 0.16 :
E " % 0.14 : measured
— S 0} | [
8 - I calculated for a |
600 # 01 linear time-invariant
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E e n |
= S o !
S 3 ;
TR > 004 :
go)
O 0.02
&
m o w w W mo @ ] o o om mw W w
time [us] AE(t)| Ty Typ oo Tyl |ATES time [us]
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Adaptive Feed Forward

Measure Step Response

Y

Tln
T

Tll T12 e

Toq Top - Closed Loop

Identification
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calculate
Correction of
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measFiJre Contr* ; new EE
o | V1V Tabe

ff
ff

h

Wavelet
Filter

Adaptive Feed Forward can handle nonlinear systems through
linarisation around the operating point.

The calculation of a new feed forward table needs only a
few seconds.



accel. voltage [MV]

Reproducibility of Subsequent Pulses of Vector-Sum
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Goals for System ldentification

» Measure the correct detuning(t):
For minimizing the rf-power it is desired to
know the curve\w(t), because then one can
find an optimal value for the predetuning.

* Find the correct model for the Lorentz-Force-
Detuning by performing System ldentifica-
tion on theAw(t)-curve.

» Detect the current beam-phase relative to

Eacc of cavity one of each cryo-module,
adjust it without need of transients,
detect drifts in the reference signal with
respect to the beam.

 Calibrate all signals delivered by low-level-rf
based on the calibration of cavity-fields,
especially deliver the correct phases.

 Provide the signals for automation of the low-
level-rf-system, gradient, beam-phase, opti-
mal predetuning, loop-stability



Fitting Models to Data

One of the most common ways of fitting functions to data
Is least squares method. It delivers the best approxima-
tion if one assumes a normal distribution for the measure-
ment errors. One can show this with the maximum
likelihood method.

p(fFO) =y = 3 () —y;)” = Min!

y1---YN shall be expressed as function f(x)).
The xjs are assumed to be error-free. (sampling time)

let fbe a linear combination of n functions f;

f(x;(ay, ...,a,) = a,f;(x)+... +a,f,(X)
then the condition for minimum error is

[f.00F,001 ... [F,00f,(X)] a, [yf1(X)]

[f.00F,00T ... [F,00f,(X)] ay [yf,(¥)]
N

[f01= 3 (%)

i=1




Now apply it to the difference equation:

y(t) +a;y(t-1) +... +ay(t—n)
= bu(t=1)+... + b u(t—m)

0=|a,...a, by...by|

T
O(t) = |—y(t—1)... —y(t—n), u(t—1)...u(t—m)
With the above formulas one finds:

0 = [z cp(t)cmeJ 3 o(hy(t)

t=1 t=1
all coefficients have to be constant.
It's discrete transfer function is the following:
bz '+..+bz" B

H(z) = — — = — (ARX)
l+a,z +..+az" A

In picture together with some other ready-made models:

j_ e
u 1 Y, u B 4%_'y
— B A ——> ——> =
ARX
(autoregression+extra input) OE(output error)
[ :
C =~
, D
W e T Ve B g
B A F
ARMAX

(ARX+moving average noise)  BJ(Box-Jenkins)




Another Way of fitting the system’s
differential equation to the data is to calcu-
late the derivation from the measured data.
| did this by laying a parabolic curve
through every point of the measured curve
and then calculated it's derivation.
Uncontinuities are recognized by compar-
Ing the prediction of neighbouring parabu-
las for the same point.

point to be fitted

original curve with error

parabula




System ldentification (1)

Cavity-Field N —
avity-Fie U = W, A® v+ R(l)l/z(rG+rB)
Ao -/, Beam-Phase
smoothed
&
derived
Forward-Power
Differential Equation Bandwidth
smoothed
<—
v+ le/z(i‘G +1p)
smoothed
Beam-Current Detuning during Pulse
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System ldentification (2)
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OE Model (3,4,0)
Taking only Decay for Identification

200 400 600 800 1000 1200 1400 1600
time/u s

Taking whole Pulse for Identification

200 400 600 800 1000 1200 1400 1600
time/u s
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U1

accelerating gradient [MV/m]

Performance at TTF (1)
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Performance at TTF (2)
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RF Regulation TESLA Cavity (Simulation)
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Principle Kalman Filter (steady state)

™! Kalman Ye
. >
u y Yv Filter
—»(+}—» Plant ’ : >
w Y
Process noise Sensor noise v Yy

Discrete Plant:
X[n+1]=Ax[n]+B(u[n]+w[n])

y[n]=Cx[n]

>
Noisy output measurement: VY, [n]=Cx[n]+v[n]

Measurement update:
X[n[n]=X[n|n-1]+M(y, [n]-CX[n|n-1])

Time update: X[n+1|n]=AX[n|n]+Bu[n]

The correction term is a function of the innovation, i.e. the discrepancy
y,[N+1]-CX[n+1[n]=C(x[n+1]-X[n+1|n])

The innovation gain matrix M is chosen to minimize steady-state covariance of the
estimation error given the noise covariances E(w[n]w[n]")=Q and E(v[n]v[n]")=R

<

(_ S.Simrock )
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Kalman Filter (Cnt'd)

where M is the solution of the Riccati Equation:
M=Q+AMA-AMCT(R+CMCT)1CMAT
Combining time and measurement update into state space model (the kalman filter):

A A ul nJ
+1 = A(l-=MC) - X[n|n—-1] +
x[n+1[n]] = A( )-X[n|n—1]+ B AM| {yv[nﬂ}

y[n|n] = C(1-MC) - x[n|n—1]+ CMy,[n]

This filter generates and optimal estimate 25.01 :
y[n|n] of y[n]. Note that filter state is X[nn-1] ~ 2%5f | || | — Lns??ﬁli{eed
ok A o —— actual state | ]
| J(EaaaT (FHTTRY -
Example: TTF Cavity Q = 3*10° ;zj:_,, H ‘ “ , ‘ || \ HMMI’MW'H W. llllllll
oo=1310°rz 271 |IIRINIRL e i | ‘‘‘‘‘‘‘‘‘
Beam noise : o(lp)/l, = 0.1 & eel [T |” | l MH ‘ [ ........
Sensor noise : 6(Vy)/V4 = 0.01 24.975k ||| H ISR B
24.97F | -------------------------------------------
> oy /'y =0.0009 2ases ||| ---------- . R S o o R
24. 985 06 07 08 09 ZIL 161 162 1.3

.
\\ (_ S.Simrock ) 4




Principle of Smith Predictor
wi i u——s Y
oo St | Pe T
|
; e e e e e e e — - - -
| y . :
~ Y . Y
i Basic Idea of —| P(9) e ld 4_’5 :
: Smith-Predictor :
: :
W o Ty —— Y
—go—n C19 = Pge [T
: L \ :
1 - + — I
: P(s) — e :
| |
] Smith-Predictor _ I C(s)
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Smith Predictor (Cntd)

W u

- Y
T_ > Cf(S) — P(s) T e T >
|
|

Desired Feedback produced by Smith predictor

Command Step Response of Smith Predictor: Command Step Response of desired feedback:
~ —sTy ~
P(s)C(s P(s)e  ‘C(s G(s)Ci(s) s,
CulS) = 1+(P()s)(C()s) = — 282 Gy(9) = —————e
1+ P(s)e  ‘C(s) 1+ G(S)Ci(s)

:> c(9

Smith Predictor : C(s) =

1+C(9P(S)(1-6 9

- . /
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Lorentz Force Detuning (1)

* Radiation pressure : P = (u,H? — g,E?)/4
* Deformation of the cavity shape:

Outward pressure at the e
equator

Inward pressure at the
Iris

"\

* Frequency shift : Af = KL*E?,_,
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Lorentz Force Detuning (2)

e Time varying detuning induced by Lorentz Force results
In

Amplitude and Phase errors

Increase in peak power requirements
Increased stress on main power coupler
 Reduced accelerator availability
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Impact of Lorentz Force Detuning

short pulse

Cavity Gradients (First Cryomodule)

Cavity Phases (First Cryomodule)
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Impact of Lorentz Force Detuning

- 2
5 IU | T L | T T T T T T T “ T
[ - TESLA cavity at 35 MV/m
o100k Amplitude and Phase error with realistic feedback
[ o > performance
- a1
e . —_—
-5 10 F S =
sf < ®
-1 107 10
15 time (ms)
210 0.8 1.2 800 ety —r—r— 1000
[ = Power Requirements ]
600 |- =< i
F 500
[ & 1
400 2 :
F = 0
200f £ :
e . i
r time (ms
LUOﬂg et a.l b1t -]' { -) 1-500
0 0.8 1.6 2.4
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Modelling Lorentz Force Detuning

] 0 1 ... O 0 - q ~ _
3 -0 -=.. 0 O - 5
= .. . . + 2 . . 2
: .. oo e
Aoy 0 0 .. 0 1| |Awy 0
. 1 - K. m2
A(DN 0 0 —(DEI —m _A(DN_ i N N_

where Aoy, : detuning of modem, V.. : accelerating

voltage, t,.,,: mechanical time constant of mode m and
K., :Lorentz force detuning constant of mode m.
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Active Lorentz Force Compensation

 Introduce counteracting force such that the resulting
cavity detuning Is constant.
» Use fast piezo frequency tuner

« Similar coupling to mechanical modes for Lorentz force and fast
piezo tuner
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Integration with Frequency Tuner

Piezo-Actuator:

| =39 mm
U max=150V

Al=4to5umat 2K
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Feedforward vs Feedback

e Feedback

o stability requirement must be fullfilled ( 1.e. sufficient phase mar-
gin must be guaranteed)

e Feedforward

* requires repetitive perturbation
 slow drifts can be corrected by adaptive Feedforward

Note: Control in both cases is only possible if the coupling factor of
piezo to detuning is similar to that of Lorentz force to detuning.
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Piezo fixture with parallel PZTs at TTF

!

Prrom
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Transferfunction (PZT - RF)

amplitude [a.u.]

1500 2000 2500 3000
frequency [Hz]

- —500

]

I
[
ga o
o O
o O

phase [deg

-2000

-2500 ! | i i A
0 500 1000 1500 2000 2500 3000
frequency [Hz]
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Transferfunction (PZT 1 - PZT 3)

006 1 1 1 1 I
Q0B oo B RTIRE -
004 e -
[}
5003- -------------------------------------------------------------------------------------------------------------------- .
£0.02 R Tt L R EE T T T T T L FR T I I - STAIIILLY .
IS
0.01 .
0 1 i 1 1
0 500 1000 1500 2000 2500 3000
frequency [Hz]
0
__—2000
o)
Q
S,
o —4000
(2]
o
e
o
-6000
-8000 1 1 1 1 1
0 500 1000 1500 2000 2500 3000

frequency [Hz]
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Transferfunction (PZT 1 - PZT 2)

o
0o

©
[e2]
T

amplitude [a.u.]
o
D

©
N
T

0 500 1000 1500 2000 2500 3000

frequency [Hz]

-200

phase [deg.]

-400

-600 1 1 1 1 1
0 500 1000 1500 2000 2500 3000
frequency [Hz]
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Controllability

10~ 1 1 I ol
1 Hz/(MV/m)* 3
: : : : S% : Similar coupling of Lorentz
1 coupling of piezo actuator to cavity r%e@o nce Force and Piezo actuator to
107= . 5 @gﬁ% i3 cavity resonance frequencies
1 e & - are required.
- o O
4000 GG@% TPy pd I
7 freq. (kHz) [
-4 ] 1 L | | L 1 | 1 L 1
m(} 2 T T T T 1
| Hz/um
1 o5
20 coupling of Lorentz force to cavity resohance [
o)
10 ADD ) DD‘E-‘.&D ©
n o O @, B
] ) o CLo g s
Luong et al. ] 000 T 20« " %&
(simulation) 0 f(kHz) [
[l | [ l I I [ I I 1 [ I [ I [ I [ ] I
0 2 4 6 8 10
@~
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Active Compensation of Lorentz Force Detuning (2)

400 S ; 9-cell cavity
. -— T operated at
so0p ; 23.5 MV/m
° | |
— 200k%e ® ! without compensation
T * '.i l
— ¢ : |
£ 100} o 1% with compensation osd Lorentz force
= Yo i Tee, BRI compensated
g ¢! ; ot with fast
e (] e UK U OOT TR S VS A— S : :
AR SR A piezoelectric
| o | o’ tuner
—-100¢ L ..‘:..
fill time i 900 us constant gradie|§1t
-200 - : L
0 500 1000 1500 2000
time [us]
TUHH, Jan. 05 Stefan SIMrock — % ——



e Ratio (dB)

spons:

50

40 1

30 1

20 1

10 1

-10 |

-20

-30

Experience with SNS cavity (f=0.61)

Comparison of Resonant Frequencies at Two Extremes of Coarse Tuner
Med B Cryomodule Prototype, Cavity Position 2, 3.5 MV/m CW

M:\asd\asddata\CMTF\MBPROTO\Microphonics\reece\061202\results\pztswp2.xls
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Transfer Function

Transfer function Lorentz Force --> Detuning, SNS cavity
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Py [deg]

Transfer Function

Transfer function Piezo Tuner --> Detuning, SNS cavity
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Microphonics Control

______________________________________________

Microphonics LO IF yp(s)

(Zy= o = o8
s i— VIV AVAVAV I

LN i
piezo P(s) i
______________________ actuator T
u,(S)
o) C) “ugs)
Controller
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Controller Design

P(s) - D (S)
= C(9 = ==
P(s)
C(S) =
NEOI Choose open loop N - _
response D(s) D(s) : stability criteria fulfilled
high gain at low freq.
fast roll-off at high freq.
1 10\ frequency [kHZ]
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Digital Controller

C6701 processor from Tl on PCI board (M67) with 4
ADCs and DACs (200kHz sampling rate)

Programmed state space equation for 20" order Sys-

tem:
kk+1 — Akk-l- Bﬂk
yk+1 — Ckk+1+ Dﬂk+1

Latency only 20 us for 20x20 matrix multiplication (C++)

Applied only notchfilter (672 Hz) and low pass (1kHz) to
control microphonics in Q
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1Hz)

Error signal (0.4V

Control of Microphonics

A

2 Hz

04

Amnplitade of FFT of er-or signal from BF
1

1
ragulatcd
] i whregulated

‘ IOATRLCAN W R !H J‘ n‘h.llll | v -
LU / ~ Spectrum of

—error signal closed loop u=s m i C ro p h O n i CS |
1 W/wout feedback |
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Microphonics suppressed by factor o
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Microphonics Suppression with Feedforward
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Vector-Sum Control
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RF control reqnirements with vermer

Requirements JLAB

RMS error uncorrelated correlated
oA 2 x 101 1.1 x 10°%
oy 0.25° 0.13°

T, 2.6° fe's)

o,y ¢ relative RMS amplitude error

oy : fast RMS phase error
o, : slow RMS {along linac) phase error

TUHH, Jan. 05
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Micro

honics Noise

(JLAB)
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Multibeam Klystron

Bearm
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it
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Multibeam Klystron

The THI801

Operation Frequency
RF Pulse Duration
Repetition Rate
Cathode Voltage

Beam Current

HV Pulse Duration

No. of Beams

Total Perveance
No. of Cavities

Max. RF Peak Power
RF Average Power

Efficiency
Gain

Solenoid Power

TUHH, Jan. 05

Design
1300MHz
1.5ms
10Hz
110kV
130A
1.7ms

7
3.510°A/V*”
6

10MW
150kW
70% goal
48dB
4kW goal

12
}_..-Q-—O—Q-"“—’
10 /r; -
-

o0

RF Output Power / MW
N

4 i
2 .
0 |
0 50 100 150 200 250
RF Drive Power / W

—e—0.5ms [17kV, 132A, Mode B —*— [.5ms, [17kV, 131A, Mode A
-®-0.5ms 117kV, 132A, Mode A ——0.5ms, 105kV, 113A, Mode B
=%+ .5ms, 105kV, 113A, Mode A ——0.5ms, 105kV, 113A, Mode A
——1.5ms, 100KV, [05A, Mode A —— [.5ms, 90kV, 90A, Mode A




Conclusion

State space models for superconducting multicell cavi-
ties are available

- Electrical models describe interaction with klystron and beam

- Physical parameters of mechanical model not completely
understood

Model based analysis of feedback/feedforward systems
agrees well with measurements

Synthesis of optimal controller including feedforward
and feedback remains to be done.

Control of cavity detuning induced by microphonics is

TU-Harburg, Jan. 05 Stefan Simrock

still an open issue.
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