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v" Control and maintain the specified
phase and amplitude stability of
accelerating field in RF cavity
during beam traveling

v Also maintain the filling stage of
the RF pulse

Vcav/ MV

Cavity Field Stability Requirement

20
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fill

The stability requirement is from the beam dynamic:

(1+6,)cos(g, +9,)

In the case of fixed sync. phase:

1 1 1 1
(%)m ~ p— \/5(1 +cos(2(pb))aé +5(1 —cos(Z(pb))o; +Z(3cos(2(pb) —l)o;

n=1 o, 11 \/ 1 , 1 , 1 )
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oy _ (V)= (Vi) % ) TN w2l F s @nl)or s {i-cosam)joy +3(Beos2)-t)oy
E _ tot fot 2 2 s
- 2 9| _(% Ok
E (Vi) ( E) ( E )+( E )
Further reading: A. Mosnier ; J. M. Tessier, Field Stabilization for Tesla. Tesla reports 1994-16
Krafft, G ; Merminga, L, Energy Spread from RF Amplitude and Phase Errors, EPAC 96.
May 4, 2011
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Q ane” Stability Requirements in different accelerators

v" The stability requirement varies in different accelerators, determined by
specific application.

XFEL ILC SNS JPARC

Amp./Phase [0.01%, 0.01°| 0.1%, 0.1°

Y o 0 o
Stability (rms) (rrms) +0.5%, £0.5 +1%, =+1

v" The stability is specified in peak to peak rather than in rms in proton
machine due to beam velocity 1s dependent on energy gain.

v" In some case, the requirement on phase stability differs by time scale,
short term( during the pulse), medium term (pulse to pulse), long term
(minutes to hours). At XFEL, the requirement 1s: 0.01° (short term),
0.03° (medium term) , 0.1-0.5° (Long term).

v" The stability at ESS?
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Requirments at ESS

352.21MHz 704.42MHz
ﬁ ﬁ

?

75keV

¢

108MeV

¢

606MeV

?

2500MeV

RF Source ™ 1 5 28 64 120

v’ Cavity phase and amplitude stability, frequency control + High intensity, S0mA

+ Long pulse, 2.9ms
v Minimize the required overhead power for control + High gradient
+ Spoke cavity
v' Automated operation, remote control
I : . + High Efficiency
v' Availability, maintenance, upgradability + High availability; 95%

v Support Linac commissioning



C ) i The ideal cases

Consider an ideal beam current inject into an ideal superconducting cavity at
ideal time

v
v" Ideal beam current: no synchronous phase, continuous current during pulse
v
v

Ideal superconducting cavity: optimized Q, for beam current, no reflection
power at beam duration

Ideal injection time

Vo 1 QL optimizing: Ideal injection time:
refl ref Vforl Ifor , .
At steady state : Steady state for V,, (don't consider beam):
ln P =F+F+F,(P=0) r=ﬁ=ﬂ Vv v 2By
P P Vi [j’+1’ ¢ e p+1 or
Vcav B= F =1+ Fb = Fh’ At filling stage : (const.V,, input)
R C c c c _
_—I_ (P, >> P, for superconducting cavity) Vi) =V (D+V,
_ _ oty
0. QO _OF_ V. pem e
= ~ =
V.. Vref +Vf0r V +V, 1+ P, P(R/Q) V,0=0 =1, =rln(ﬁ)
P=V_I . .
V , generator current I induced voltage; carbo for sup erconducting cavity, f>>1,
8 8 for beam induced voltage, 20
V,, beam current I, induced voltage; 1 l;=TIn2= jlnz
Vh=_(R/Q)QL'21M)=Ih0(R/Q)QL 1+ﬁ
1,=21,,1,1is average DC current V=Vt =—Lv v, <05V,
:> V ‘/CllV Zﬁ .

Further reading:
D. McGinnis, A Simple Model for a Superconducting RF cavity with a Vector Phase Modulator, 2007.
T. Schilcher, Vector Sum Control of Pulsed Accelerating Fields in Lorentz Force Detuned Superconducting Cavities. Ph. D. Thesis of DESY, 1998

May 4, 2011 R. Zeng, SLHiPP-2, Catania 6
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The ideal cases
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333??"9'“ Perturbations in real world

Beam Loading Cavity

* Synchronous phase * Lorentz force detuning

* Beam chopping * Microphonics

* Pulse beam transient * Thermal effects (Quench...)

* Charge fluctuations
* Non-relativistic beam
 Pass band modes

Power Supply

*  Modulator drop and ripple

« HOMs, wake-field  Klystron nonlinearity

Phase reference distribution Electronics crates

* Reference thermal drift * Crates power supply noise

* Master oscillator phase * Cross talk, thermal drift
Noise * Clock jitter, nonlinearity

Further reading: LLRF Experience at TTF and Development for XFEL and ILC, S. Simrock, DESY, ILC WS 2005

May 4, 2011 R. Zeng, SLHiPP-2, Catania
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v" The radiation pressure on cavity walls

=» cavity shape changes by a volume AV
=» cavity resonance frequency is shifted
v" Lorentz force detune is repetitive from pulse to pulse

Lorentz Force Detuning

v" Lorentz force detuning coefficient K typically a few Hz/(MV/m)?

Radiation pressure :

1 — 2
P = Z(:uo ‘H )
Cavity perturbation theory:

—2 —2
(80 E[ -, |H] )dV

2 —
- & ‘E

wO_a)_AV

B —2 —2
@, f(eo E[ -, |H| )dv
\%4
TM,,, induced static detuning:
Af = _K ) chc

12

_
o
1

Number of cavity
(2]

©o
1

£
1

B MB, avg =2.1

A HB,avg=1.6

@ A AR AR

20

3.0 4.0 5.0

LFD Coef. (Hz/(MV/m)?2)

Further reading: T. Schilcher. Vector Sum Control of Pulsed Accelerating Fields in Lorentz Force Detuned Superconducting Cavities.

Ph. D. Thesis of DESY, 1998

May 4, 2011
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sxi”  Dynamic effects of cavity detuning

v" Any cavity has an infinite number of mechanical eigenmodes of vibration.
A 2"-order differential equation can be used to describe the dynamics.

1000
2nd-order differential equation of dynamic detuning,
.. 2 . \
A6, +——Aa), +QAw, =-27K Q.- E. (t)+n(t) 800
T
" 60Hz
Ao(t)= Y Aw,(n), K=K,
" " N 600 -
In steady state: =
f=
2 —
Aw, = EACUW = —ZJIEKn "E. 5
n n g 400 -
2
£
©
8 ] g
= Measured A 200
6 - Reconstrugted

Awl[a.u]

P
Jfiling  Mfattop ,E\_
: i

W -200 T T
0

o 50 100 150 200 250 300 0 500 1000 1500
f[Hz] Time (us)

S. Kim, I. E. Campisi, F. Casagrande et al, Status of the SNS Cryomodule Test, PACO7.
M.Doleans, Studies of Elliptical Superconducting Cavities at Reduced Beta, PhD thesis, 2003.

May 4, 2011 R. Zeng, SLHiPP-2, Catania 10
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o Overhead calculation for LFD in elliptical cavity

* It makes calculation easier to discuss detuning according to the rate Af/f; ,
* Below f,,, ( K~1.5 for high beta, K~2 for med beta), most cavity overhead is <7%.
*  25% or more are required for detuning > 2 f, , (K~3 for high beta, K~4 for med beta)

*  Appropriate pre-detuning for both sync. phase and LFD is assumed

35.00% - -
T » LFD =2*cavity half bandwidth
I LFD =1*cavity half bandwidth
30.00% —=
e
: ™ G N e e RSO I DRSNS e
25.00% R Ry s
20.00% o
15.00% <
%

0 10 20 30 40 50 60 70 80 S0 100 110 120 130 140 150 160 170

Cavity number (from med beta to high beta)

May 4, 2011 R. Zeng, SLHiPP-2, Catania 11
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zw Overhead for LFD in Spoke cavity

Table 3: Overhead estimation under different K for spoke cavity (E,.. = 8.5MV/m)

K Af  fip Af/fip ¢p Overhead w.o. Overhead with
(Hz/(MV/m)?)  (Hz) (Hz) (°)  predetuning  predetuning
1 7225 1174 0.06 3.5 0.09% 0.02%
5 361.25 1174 031 171 2.37% 0.59%
9 650.25 1174 055  29.0 7.67% 1.92%
13 939.25 1174 080  38.7 16.00% 4.00%
17 1228.25 1174  1.05  46.3 27.36% 6.84%
18.00%
¢ LFD=1*Cavity half bandwidth
16.00% -} o .
™ [ LFD=0.5*Cavity half bandwidth
14.00% -
12.00% iﬁ
10.00%
8.00%
6.00%
4.00% ‘%
| O0000000000660060000000000000060
2.00%
0.00% T T T T T T T )
0 5 10 15 20 25 30 35 40

R. Zeng, Power Overhead Calculation for Lorentz Force Detuning, ESS-tech notes, 2012

May 4, 2011 R. Zeng, SLHiPP-2, Catania 12
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Klystron droop and ripple

especially in normal conducting cavity

Perturbations in the cathode voltage results in the change of the beam velocities, and
then led to the variations of the RF output phase

1% error in cathode voltage leads to more than 10 deg. variation in RF output phase
High frequency ripple with larger amplitude is hard to be eliminated by feedback,

Table 1: Measurement for the phase and amplitude variations in other labs

RF freqency Cathode Phase variation ~ Amplitude
/MHz voltage change /deg. variation
JPARCI]] 312 3.40% 25 “8%(power)
SNS [2,3] 805 3% “50(max) “8%(power)
PEPII[4] 476 “14° /kV
SACLAY[5] 704.4 200V@95kV 10° /kV@92kVv

Boonton 4500A Pulse

t=£= L , O0=wt
v fev
m
o @L av

relativistic case:
ea)LV dV
mc’ /3’ e v

do =-

P « V5/2

out

V e PI/Z

dv 5 av
Vv 4 v

out
out

Util > Hardcopy >
0.80 GHz |Tr CH ITTL |VScale 28 kW

id BW H\gh Tr Ll 140 V Vofset 1.88 Div
Avging S Tr Dly 494 us [0ffset 9 608 dB

>MK1 RATIO MK?2

128 Sku 41.02 » 52.72

Power Measured
~ 5:us from end of
pulse

cavityfiling { ~ .

losed Loop

o rr[\jalntamg cavity fi feld
! 1

SNS

- Amplitude °

y | |2 5%.

JPARC

Further reading: R. Zeng et, al. The Droop and Ripple’s Influence on Klystron Output, ESS tech-note.
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s Droop and ripple control by feedback

*  The errors can be suppressed in feedback loop a factor of loop gain G. The loop gain is limited by loop delay
and also by pass-band mode

e Integral gain of Ki=2nf},, 1s intorduced to eliminate the steady errors and reduce low frequency noises

* Assuming that 15 degree phase error is induced by per 1% error from modulator, to control the error to 0.5°, we should restrict
the droop and ripple number from modulators:

P! Cavity Table 5: Noise tolerances of PI feedback closed loop at different frequencies
Setpxoim Kp(s+Kis ) Heav(s) L (Superconducting cavity, Kp = 20, K; = 2 x 518)
[ Frequency range Gain Tolerance in Tolerance in
[Noise | /kHz available output phase/° cathode voltage
Loop Delay <0.1, or >58 >100 >50 >3.3%
0.1~0.4,15~58 30 ~ 100 15~ 50 1% ~ 3.3%
E(s) |«
0.4~15 20 ~ 30 10~ 15 0.7% ~ 1%
Bode Diagram
=20 T T T Eystem:T o 148 “MWW—'—'—'—"*W
a0l — "5:3"":55535& ;326 | Table 6: Noise tolerances of PI feedback closed loop at different frequencies
/ By 121428 \ Vst (Normal conducting cavity, K, = 1, K; = 2 x 10*)
—a0l- u Magnitude (dB): ~30 . 4
g o Ey;';l”}gmg Frequency range Gain Tolerance in Tolerance in
g /kHz available output phase/* cathode voltage
Eogof
s ol <0.1, or > 1000 >100 >50 >3.3%
0.170.3, 30071000 30 ~ 100 15~ 50 1% ~ 3.3%
= 0.3~1,100~300  10~30 5~15 0.33% ~ 1%
@ e W W 1 ~100 2~10 1~5 0.07% ~ 0.33%

Frequency (Hz)

May 4, 2011 R. Zeng, SLHiPP-2, Catania 14



L)) B Synchronous phase

v' The purpose of beam off-crest
acceleration by a sync. phase 1s to
minimize the energy spread
resulted from wake fields.

v' By pre-detuning the cavity with
motor tuner, the effect of the sync.
phase acceleration is compensated.

v' It can be also compensated by
extra power overhead, which was
the case in LEP at CERN to avoid
ponderomotive oscillation (CW, 8
cavity/klystron)

Further reading: Electroacoustic instabilities in the LEP-2 superconducting

cavities, D. Boussard, et, al. 7t RF superconducting workshop, 1995

. . L dav,
in cavity RLC circuit, in steady state, d“'" =0,
t

R, -1 1
Ve = ———. R =2(R/0)Q,
1-iR, (——wc)
wl
tang,, =RL(L—wC)=QL(ﬂ—ﬂ)~2QLA—“’,
wL o W, w

Lot = 114 -1,= (Igr - ils’i)+ (Ihr - iIh’)
= (I, -1,)+i(l,~1,)= %(1 —itang,)
L

Ig/‘ =&+1br = @"'Ibcos‘pb
RL RL

=

1, = —Qtan @p+1,, = —Qtan @, — 1, sin@, (note defination ¢, )|
RL RL

2V,

To minimize RF power, have =
P o (R/Q)I,cos,

and Ig,. =0,

1, sin
= tang,, = SNPy —tang,

I,cosg,

Simulate

May 4, 2011 R. Zeng, SLHiPP-2, Catania 15



C ) i Beam loading

v One bunch of the beam travelled through an RF cavity will experience the
RF voltage, the induced field from previous bunches, and half of the self-
induced field (Fundamental Theory of Beam Loading)

v" Beam loading effects is not so significant, but get worst when there are
charge fluctuation and beam chopping

I,.=d-9? assume no detune and other perturbation,
T, 2nm
1 ~(t-n —(t-(n- ~(t—(n- -(t- -
oCminCn W)= T I I
R, (R/Q) 2
1 w(R/O } 2
v, =4 L0FQ) o irio)1,, vV (t)=V(t)+Vb(t)=Vm(1—e ’/’)+Vb(t), =22
c 2 4 cav 8 g o
_Tb_ .
| | ‘ ’ ‘ ‘ bunch train
Pt
AU,
............. k/\/\/\/\/\/\/\‘""'””m' RF-CI'IVClOppe
» t

Further reading: Interaction between RF-System, RF-Cavity and Beam, Thomas Weis, 2005

May 4, 2011 R. Zeng, SLHiPP-2, Catania
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@™ An beam chopping example in JPARC

: 40 ms ; +1060ns 4
1500 bis 5 RCS:2-bunch | | | | I
- > '
Macro-pulse RCS:1-bunch
- (( (( (thi d)
Ny - }) )) t inne ——2120ns ——
el =8 " 2-bunch op.
1060ns ~_ ... 1-bunch op.| K P.|
-~ S F %eoff %‘ %o, LA
' ~ ) = [
600ns S 3 ®° g
- RS _g:'f 350 | f 6.0 % v
Intermediate- | | | | | | | | | | | | | g us) g |
pulse R S %o o o [—Measured
S~ . 335 —Measured 335 -— Simulation
S oy Simulation
o S 33.0 I 33.0
~—— %00 402 404 406 408 410 400 402 404 406 408 410
3.09ns e - Time [us] Time [us]
2 .

S | | | | | | | | | | | | | | | | | | | | | | Figure 8: The phase variations in the Debuncher2 causec

Fi 1 Linac b truct by the chopped beam of the one-bunch and two-bunct
1gUre 1. Linac beam structure. operation, respectively.

Further reading: T. Kobayashi, M. Ikegami, BEAM TEST OF CHOPPED BEAM LOADING COMPENSATION FOR THE J-PARC LINAC
400-MEV UPGRADE, Linac 10.

May 4, 2011 R. Zeng, SLHiPP-2, Catania 17
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are Non-relativistic beam, HOMs, Passband mode

4

v" Non-relativistic beam

v" HOMs and pass band modes are excited in the cavity during
beam loading.

v The pass band mode closest to the fundamental mode is to be
concerned. It is one of the reasons causes instabilities and limit
the loop gain

v" This mode can be excited by the chopped beam pulses and the
switching edges of the rf pulses.

1

0.8

v" A special filter can be applied to suppress
this mode in digital domain

Normalized magnitude spectrum

Further reading: Hengjie Ma et al., “Low-level rf control of Spallation Neutron
Source: System and characterization,” Physical Review Special Topics - Accelerators
and Beams 9, no. 3, 2006

May 4, 2011 R. Zeng, SLHiPP-2, Catania 18
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L)) s Microphonics

v" Caused by the mechanical vibrations in the accelerator environment, such
as vacuum pumps, helium pressure fluctuations, traffic, ground motion,

ocean waves. ..
v" Tt is a slow perturbation, not predictable, and usually of the order of several
Hz to several 10Hz
v" Avoid the domain frequencies in the microphonics spectrum close to the
cavity mechanical modes

[ A 1.E+01
10 I-Ca.vity I | =
- + T L i 1
”/Ca\rlty I
y N " T 1.E+00
" i A 1 g
51l Lo w1 iy ) =
— [ | "\ | ] / ] I | \ | 1 — :'E
20 ml AL [N 1 I e =
© AT | Iy 1] . 1 o il 1
o | | | [ W ER 1 S 1.E-01 H : 1L
— 1 1y | | / | 4 3 [ | T
| g Vb i / 1 | £ W W
@ O | ! Iy fy 1Y \ | i 1 ) i 7l =
174 F o\ RN {1 W Yy oy Wi £
B [ AR Joool AL >
= - AN VR v t1 i 2 1E02 all
| L i [
5 L \ ' —
¥ i (| \ ) ]
It b ]
‘“' 1 1.E-03 ; ; ‘
10| u - 0 60 120 180 240 300 360
[ : . L 1 . L N . | A . N N | L N N N Frequency (Hz)
9] 100 200 300 400

time [ms]

Figure 3: Typical background microphonics spectrum

Further reading: S. Simrock, M. Grecki, 5th LC School, Switzerland, 2010, LLRF & HPRF.
J.R. Delayen, G. Davis, Microphonics and Lorentz Transfer Function Measurements on the SNS Cryomodules, 2003.

May 4, 2011 R. Zeng, SLHiPP-2, Catania 19



szs;zfm Thermal drift and crates noise

v" Thermal drift in phase reference line and down converter,

master oscillator and crate noise are out of the feed back
control loop.

v" Special cautions should be taken:

Temperature-stabilized phase reference line;
Low phase noise master oscillator;

Down convert board temperature and channels cross talk control;
Crate power noise;

ADC non-linearization (non-IQ sampling);
Drift calibration in digital control;
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SoRce " Feedback

The errors could be suppressed in feedback loop a factor of loop gain G. The loop gain is limited by
loop delay and also by pass-band mode

Large loop gain will result in more overshoot.
Average loop gain at SNS is about 50 for superconducting cavity, less than 10 for normal cavity

K|\/S‘[|’0n CaVit\/ Bode Diagram
X Y 0 ‘ : rtoy open loop
h r to y closed loop
Setpoint” K(s) o Heav(s) > 10| |
A
Gain . _ -20f ]
e :
s -30F
.;Eg, -40
Loop Delay Detector 2
=50
E(s) Dis) |« —sol
=70 5 5 L "
10 10 10

Frequency (Hz)

Siep Nespuise

HO(f) = GHcave_ija

o (f)] = ——2

! )2+1’

Fhbw

o= 2Hy(f)= —arctan(fhi) -7f

bw

Amplitude

The instability is happening when:
()21, o

L L L L L L I 1
0 0.5 1 15 2 25 3 35 4 4.5

Y= _180°+n'360°, n = :I:].’:i:2,... ’ ’ Time (sec) ’ 5

May 4, 2011 R. Zeng, SLHiPP-2, Catania 21
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Integral-proportional controller

v" Integral gain of Ki=2nfyzy, is then introduced to eliminate the steady errors and reduce low
frequency noises

v The PI feedback loop can suppresses effectively low frequency noise but the performance degrades
as frequency increases, while the far higher frequency noise is filtered by cavity itself

Pl Cavity
- Kp(s+Ki ¢ H L Hy(f) =K, (1+ u )H (fer
Setpoint p(s+Ki)/s cav(s) » o P jon cav
K (j27Tf+Kz)( Fhbw )P—]WTf
[ Noise | "\ gonf Jf+ fuew)
K; \? Fy?
H =Kp\| 1+ ( ) 1+ (—) ,
Loop Delay [Ho ()] p\J o f /\J Tave
2m m
E(s) [« 0= AHO(f):arctan( f)—arctan( ! )***27TTf.
Ki frbw /2
T — 200 :
Ki=0
m 150 Ki=0.001K ||
Ki=0.01K
=40+ u | n o 100 K:=0.1K A
System: T System: T 2 T Ki=K
Frequency (Hz): 302 Frequency (Hz): 6.83e+04 § 50 \ Ki=10K
Magnitude (dB): -40 Magnitude (dB): ~40 £ Iy _ Ki=100K
=501 g Ki=1000K
~ g of |
J
[} =50
3 -0
'€ -100 i i i i i
Ed 0 . *Ki<2pi*thbw ‘ ‘
= ~
=701 45| // .
g L Ki=2pi*thbw
80 g -
£
-135 il
90 ; ; ; ; ; Ki<2pi'1hbw/
10’ 10° 10° 10! 10° 10° 10 -180L L L L - L = L L \
10 10 10 10 10 10 10 10 10
Frequency (Hz) Frequency (Hz)

Figure 13: Noise suppression performance of PI feedback closed loop as a func-
tion of frequency for superconducting cavity(£), = 50, K; = 27 x 518) Figure 11: Phase margin reduced in open loop under different integral gains
(without delay, K = 27 frpw )
Further reading: R. Zeng et, al. The Droop and Ripple’s Influence on Klystron Output, ESS tech-note.

May 4, 2011 R. Zeng, SLHiPP-2, Catania 22
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Feedforward

v" Feed forward is to deal with the repetitive errors

Feedforward Input 1, |

gr’ gi
from pulse to pulse. 028 »
0.2 ’/ Igi
v" In simplicity, It adds the errors learned to every 048 i
pulse by feed forward table < ..l
B
3 005-
[V
l,=—*+1, =—*+1I,cosg, 4> 0r
RL RL
QOB [
[, =-—*tang, +1, =-—"tang, —1,sing, o | | : |
L R, L "o 1 2 3 4 5
note here we take V_ as the reference V,, =V, +i-0 xie

@
Q
o

Total Cavity Detuning

- - N N
Q a Q a
=) o =] o

Detuning / Hz

o
=)

ol

-50
0

[Time offset: Jo________]

May 4, 2011

Time/s

Cavity Field by Feedforw:

TL Time /s

ard (only predetuning for Sync. Phase) Forward, Reflect Power

0.9
P
5 —_,— for
18- K=1HzMV? 116 08 Prer
tao = 1ms
Predetuning = 0.7
15} 119.56Hz 1
Sync. phase = 2.6
- -14deg. :
S q2} : 104 ©
3 ©0.5
g 3
£ of -0.2 s 0.4
£ o
< 0.3[]
6 —1-0.8
0.2
3 -1.4
0.1
0 i i i L -2 0 -
0 1 2 3 4 5 0 1 2 3 4 5
Time/s X107 Time /s x 107
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L Feedforward

v" The oscillation is happening when feedback is applied during
beam loading due to loop delay and high loop gain.

v" Feedforward compensation

70 v v T 1500 T -
30 43 beam feedback with S B
e / feed forward Field dip-peak :0.28846 %
60 | / compens ation i 1000 |- Beam Gurrent: 10 mA °
50 | (feedback gain: 70) |
Only feedbaCk Field trace magnification: x 10

Field gradient base offset: 11387.064
Forward wave base offset: 3410.0756

(feedback gain: 70)

~
E _
& g
a0 3
S a0} 8 e e 4
e g
> 4 o T T T e A~ ]
20 30 | :
8= A
< § -500
o 20} 5
(5]
p— y
Qg) 10 g ~1000 -
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EUROPEAN
- SPALLATION
i SOURCE

Adaptive Feed forward

v The Repetitive perturbations and the system performance may vary slowly with the
time(thermal drift, microphonics, cathode voltage variations, component aging).

v Adaptive algorithm is crucial here in order to compensate the possible changes of
the environmental and operating conditions

+c(k)

adaption
algorithm

h 4

feedforward

setpoint -

ctrl

+

.

u(k)

plant

y(k)
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EUROPEAN

we  Adaptive feedforward at DESY TTF

v' measure the step responses continually to maintain a current system model.

v’ The step size should be select carefully

v’ Itis direct, straightforward, but need large computation capacity, measurement
response not fast

_ Step Step Response measure S stem response
a8, Closed Loop T 0
= T T
= 1 System S |
~ |1 = Vo
= o B> = d1 [T iz - T1 inverted
= 71 11 = 0 T Toae' Ty
> “ “ s 1. system
E, ol Al S 0.14 1 measured T Tp2 response
l L
g [ﬂw‘gl Fout [~ "
= oo i e’t (z|) # 01 : Zl%lecar;gﬁlegw?anant
L ¥ ystem L'¥]
~ ®-0-[] < cz E ! S =
=] b 1 »n I =
g h ‘é oog ! e =S
- g, X calculate
o omp = " | correction of
54 o.nj t old FF table t
o
= . measure control
0 A0 40 60 K0 (00 120 R ) e * I ;é Peglv FF
time [uis] AE(y)| (14, Ty, 1) (AR, time [us] i
AE(Ty)| _ [Ty Typ - To,| |ASF,, = =
AF(1) = P AL =1
) . Jj e
Al"‘(":n) Tnl 7112 Tnn Affn wavelet
- filter
1 t

LLRF Development for TTF Il and Applicability to X-FEL & ILC, S. Simrock, ILC WS 2004
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L)) B Adaptive feedforward at SNS

+ o+ Uk

R

Q

v
-

”;f_-i-l

memory

uk.
k P

- 4 e C | b 4
QL T C

|UE2(w) — U Go)ll, — <|UE (o) — Uk(io)|l»

UKt = QUK + LEF)

H LP
1—

1+ CP

o0

L(s) =« <SBZ_1 — (B-'4-(Awr) — Kp) + éK1> :

in time domain, the learning controller is

v

t
Ve (0) = £ uf(t) + oB; '¢* — a(B ' A.(Awr) — Kp)e' (1) + aK; / ¢ (r)dr
0

v' Q-filter is added to suppress the high frequency component due to that modeling of high-
frequency dynamics are difficult and may lead to an inadequate model and unstable behavior
v’ Lfilter (self learning filter) that compensates well for low frequencies, and it has the characteristics

of PID

v’ aforgetting factor is introduced to put different weights to the past feedforward controller outputs

S.I. Kwon, A.H. Regan, “SNS Superconducting RF. Cavity Modeling - Iterative Learning Control,”. Nuclear Instruments and

Methods in Physics Research A 482 (2002) 12-31
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D 55 New Adaptive Feedforward at FLASH

v A possible scheme: take the current drive signal of the pulse as the feedforward
input for the next pulse...Unfortunately, it is unstable

v Instead, add a time-reversed low-pass filter: record feedback error signal e(t),
time reverse e(t)—e(-t), low pass filter e(-t), reverse filtered signal in time again,
shift signal in time to compensate loop delay

Lowpass: ; | N
Time-reversed lowpass: / ]

FF ... = TRLP(FB )+FF ...is surprisingly stable :)
N time-reversed low-pass [ |

Further reading: Alexander Brandt, LLRF Automation and Adaptive Feedforward, FLASH Seminar, 2006
Alexander Brandt, Development of a Finite State Machine for the Automated Operation of the LLRF Control at
FLASH, PhD thesis, DESY, 2007.
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S Summary

v LLRF has to maintain the stability of the RF field, and minimize
the required overhead power. Automated operation and easy
maintenance should be taken into account, especially in large-scale
facilities.

v' A variety of perturbations can be seen everywhere in the
accelerator environment

v" PI Feedback is an effective and classical way to deal with the
perturbations but at the cost of the more overhead consumption and
rising instability.

v" Feedforward is essential for the repetitive perturbations and need
automatically update. We should look into more advanced control
methods to be able to achieve better performance



352.21MHz 704.42MHz

Thank you for the attention!
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