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v" What is LLRF doing?
v" Why need LLRF? Perturbations in RF field.
v How does LLRF control? Feedback+Feedforward

v" Challenges of LLRF control at ESS

v' Summary



What is LLRF doing?
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EUROPEAN

zzﬁ;zfm” Phase and amplitude stability

20

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

a—y
o

Vcav/ MV
=

fill

The stability requirement is from the beam dynamic:

Vew=V.(1+d,)cos(j , +d) In the case of fixed sync. phase:

acc,

&, 0 1 . » . 1 . , 1 . )
g V. gféo,-r. » cos(/' b)\/— 1+cos(2/,))s? +§(1- cos(2/ ,))s; +Z(3COS(2/ »)-1)s;
n=l %Eg 1 ) . 2 l FY L 2
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E 2 63_592 _%’EOZ %‘ (jz
{Vr) S Sia, ‘Si.

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.
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§§§§§5"‘§" Stability 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°

0, o 0, o
Stability (rms) (rms) +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 is 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 is: 0.01° (short term),
0.03° (medium term) , 0.1-0.5° (Long term).

v" The stability at ESS?



e Other issues

v Minimize the required overhead power for control
v Automated operation, remote control
v" Availability, maintenance, upgradability

v" Support Linac commissioning

v
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Why need LLRF?
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EUROPEAN

SEauaTo The ideal case

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

Vo1 Vo1 QL Ideal injection time:
refr | ref forr for Op,ﬂ@?gngbte: Steady state for V,, (don't consider beam):
1:n P,=P.+F,+P,(P,=0) G:Q_E Vg:Ke,-+V,b,=2—bV,O,
P, P P Vi b+1' b+1 -
} Vcav b= P =1+ P P At filling stage : (const. V,,, input)
R C c c c _
gon Rgen _—I— (B, >> P, for superconducting cavity) VO=V, 0%V,
E— 0, 0P )2 V,0)=v,a-¢")-v,
0, = » ¢ = cav 2b
Vi =V, ¥V =V, Y, C b B R(RIQ) Vo 0=0 P g, =tin( =)
P=V I . .
V , generator current I induced voltage, b Teatho Jfor superconducting cavity, b>>1,
o o for beam induced voltage, 20
V,» beam current I, induced voltage; 1 Ly » IN2=="11n2
_ . V/7=E(R/Q)QL R1,,=1,,(R10)0, 145
1,=21,, 1,,is average DC current V. =V, )= V.=V, »05V
g\Vinj g 1o
b V=V, 2b

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
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The ideal cases
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zzﬁ:zfm” Perturbations in real world

Beam Loading Cavity

« Synchronous phase  Lorentz force detuning

« Beam chopping * Microphonics

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

« Charge fIl_Jc_tuqtions Power Supply

« Non-relativistic beam :

. Pass band modes « 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
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ZZ‘&%C"J'“ Synchronous phase

v' The purpose of beam off-crest
acceleration by a sync. phase is 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

o~ Ui
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I =—<2tan +/,. =—<tan +/,sin
“ "R, / p T4y, R, / pT14,SIN/,

2V

To minimize RF power, have = — and I, =0,
7 O = ®o) 1,057, "
. 1,sin/ .
=S tan =_ b b —_ tan
/D II)COS/ b /b
Simulate
avity 10 et
09
| ! b
{f \\ ;
J \ 08
z 05
| \ i
| . \
\ 0.3 \
0.2 H \\
01 \
oL
o




EUROPEAN

il 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, =L= qw assume no detune and other perturbation,
T, 2p ..
& - (t-nT,)/t - (- (n-1)T)/t - (t-(n-2)T,)/t -(-T)/t 4t @
I/I/C»M/OC:&: 2 , Vb(t):-g_VbOe (t-nT,)/ +VbOe (t-(n-1)T,)/ +V;)O€ (t-(n-2)T,)/ +'“+Vboe (+1,)/ +VbOe ’/_:
R, (R/Q) 2 e
—q—]-W(R/Q) - - - -1/t _2Q
e PO L 0=V 07V (1 € )40, =22
Tb .
| | | ‘ | ‘ bunch train
P
AU,
i e T e " RF-enveloppe
» 1
'--.‘.E’EH)EIEIEIEI““'"
Further reading: Interaction between RF-System, RF-Cavity and Beam, Thomas Weis, 2005
December 12, 2011 R. Zeng, ESS RF Workshop, Uppsala

12



EUROPEAN

SPALLATION 1 1
e An beam chopping example in JPARC
40 ms +1060ns
1500 is Reszbunch [ | | | | [ | |
-
Macro-pulse RCS:1-bunch
. (( (( (thi )
~ ) 1) thinned) | —————
. - 37.0 oot ]
1060ns ~~ s 1-bunch op.| _ | 2EPUNChIOp]
. Y ¥ ot ¥ 2 LA AN
600ns ! T~ 3 ®s B
- T - Z 35.0 £ 30
i ‘ 5" 345 : !
Intermediate- | | | | | | | | | | | | | g e z
| i S %40 O A0 [w——Measurec
puise ~—— - - = Meas i 335 — Sxmulahorjl
T - - BN o a8 @i w08 8 410 B0 a2 04 406 408 410
3.09ns Tl Time [us] Time [us)

.

Micro-pulse ||||||||||||||||I|||||

Figure 1: Linac beam structure.

Figure 8: The phase variations in the Debuncher2 causec
by the chopped beam of the one-bunch and two-bunct
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.
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EUROPEAN

Yy oo Beam loading under feedback

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

’?D 1500 ™ T r T T
| | | Rise time :11.286 us

30 us beam feedback with | | | Settling time :21.4203 us
- - / | | | Field dip-peak :0.28846 %
—_ 60 feed forward | | Field dip-residual :0.096152 %
[~ A ] 1000 | i Beam Curren: 10 mA
E /\’ Ct}rnpensatmn |
! . |
— 50+ .’j nlv feedback (feedbaCk gain. ?U}- ) : | Field trace magnification: x 10
%}D ..l,u"l 0 Y ac % 500 | Field gradient base offset: 11387.064
w (4] .
& | (feedback gain: 70) 3 | Fefccied wave base ofset 3251 6126
—_— 40 L i < System ID: SCL, LRF:FCM12a:
O / o
> / g 0 Y R e T
80 30t | 5
g / H
st '.':F S -500
||I =g
5 20| 5
— N
8 o]
~1000
g 107
I — Cavily field
| — Forward wave
0 f:' | : ! — Reflected wave
- : -1500 ' : ' I
0 20 40 80 80 100 120
0 500 1000 1500 2000 Tims (1s60)

time [us]
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EUROPEAN

e Non-relativistic beam, HOMs, Passband mode

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.

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
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zzﬁ;zfm” Lorentz Force Detuning

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
v Astiffening ring to is usually applied in high gradient cavities

Radiation pressure :

1 —2 —2
p=g |l - o)
Cavity perturbation theory:
[ (&2 - mif jov
DV

Frequency shift due to
Lorentz forces: -875 Hz

Frequency shift due to
Lorentz forces: -394 Hz

Wy - W_
0 &|E| - mH| |dV 3
14

. . - . +3.13:  Cavity Cell Deformation of a TESLA cavity due to Lorentz force at a

™ 010 |nduced static detunlng. gradient of 25 MV /m. The wall thickness of niobium is 2.5 mm.
a) Cavity cell with stiffening ring
W =- K . E2 b) Cavity cell without stiffening ring
acc

Further reading: T. Schilcher. Vector Sum Control of Pulsed Accelerating Fields in Lorentz Force Detuned Superconducting Cavities.
Ph. D. Thesis of DESY, 1998
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EUROPEAN

& 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.

v" The dynamic detuning can be well describe also by 15t order differential
equation when mechanical modes frequency unknown.

Lorentz force detune simulation using 1st order differential equation

2nd-order differential equation of dynamic detuning, o
. 2 . 2 ““““ . _1001 No predetuning

D, +——Di, +\W.Dw, =- 2pK W - EZ (£)+n(t) 3 o

me ; g 200

Ew : - [
Dm(r)=) Dw,(f), K=K, ’
" " o 300 05 1 15 2 25 3 35 a 45
In steady state:
Lorentz Force Detuning of D39 in Chechia
— _ 2 300

DWoo - ZDan =T ZpZKn ) Eacc | - 20 Mv/m 1

n n e 25 MV/m

- 30 MV/m
100f

detuning [Hz]
(<]

Ist-order differential equation of dynamic detuning,
tmDM/n + DW: - 210Kn ’ ElfCC (t) + n(t) —200}F  fill: 500 ps

flat: 800 us

=300 500 1000 1500 200(¢

time [us]
Fig. 2: Lorentz force detuning measured for a TESLA
cavity at different gradients.

Further reading: J.R. Delayen, Ponderomotive instabilities and microphonics—a tutorial, 12t SRF workshop, 2006.
S.N.Simrock, Achieving Phase and Amplitude Stability in Pulsed Superconducting Cavities, PAC2001

December 12, 2011 R. Zeng, ESS RF Workshop, Uppsala
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Closed loop between RF field and detuning

v" If no control on RF cavity, the cavity detuning will cause the RF field to
change, which then will in turn impact further on the cavity detuning.

v" Such a closed feedback system between the electromagnetic mode and the
mechanical modes can lead to instabilities.

b
- Cavity_| P Cavity_|
*—P Ig Detune
lg Detune Savity_Q P Cavity_Q
Cavity1 Detuning
Add
+ [t
*
|— -
Predet
70 360
65 - 315
2
g o0 /V k 1 270 —
3 55 ,_M.MV\/\/ L~ A 225 3
D — -+ -~
i VA | N Y. W B Ll
o) — 1 ©
PN S IV VLA WY 180 2
2 e ¥ v 14135 2
a 40 - m'l kS
= -+ 90 L
S 35 1 \ ‘ o
13-
o 30 "V - 45
25 T o
(o] 60 120 180 240 300 360 420

AM Drive Frequency (Hz)

Further reading: J.R. Delayen, Ponderomotive instabilities and microphonics—a tutorial, 12" SRF workshop, 2006.

December 12, 2011 R. Zeng, ESS RF Workshop, Uppsala 18



. EUROPEAN

e Detune by the piezo tuner

Piezo pulse

__ RFpulse

Stepping motor

Master
Trigger

AL

cavity

0 RF delay Time [ms]
ACTUAL
Piezo delay PIEZO

ADVANCE

2.2 : : : : ; ;
| | =e=Delay analysis on cavity 1 - 23 V piezo pulse, 20 MV/m
20 1 =@=Delay analysis on cavity 2 - 23 V piezo pulse, 20 MV/m [
18 RF =a=Delay analysis on cavity 7 - 28 V piezo pulse, 20 MV/m
[0} .
Pulse
16 v,

14 N A
O W /s
1.0 1S / / ,//\

0.6 6//
0.4

0.2
0.0

Fig. 3.2 — schematic representation of the TTF tuner working principles

P
/ L\
AN

Normalized detuning amplitud

2 414 0 1 2 3 4 5 6 7 8
Further reading: Rocco Paparella, PhD thesis. Fast frequency tuner for Piezo pulse actual advance [ms]

high gradient SC cavities for ILC and XFE

Fig. 5.2 - normalized absolute value of the detuning over the flat-top vs. piezo pulse actual advance

December 12, 2011 R. Zeng, ESS RF Workshop, Uppsala



e Microphonics

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

v" Itis 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

— 1 Eo1
10 L Cavity T | =]
L ¥ ,
L I
”/Ca\rltyl
\ v ﬂl % 1.E+00
5L o noon " E
M f i I ! fi / N
=0 Rt Lol AR 1 AN 2
@ [/ mytet [ v )] Ny o ﬁ Nl I
o, Y A A AU TS IR 1 T 1E01 R i -
o |\ q ! L I L (A VAN R U B I £ w W
& - v Y AR EEY) I IR/ g
@ - | AR L I A AN A <
=, -\ Vo VT VRN S 2 1E02 b il
-5 | g | ‘: ! 1 =
Y W W ]
1 ] 1.E-03 ‘
_10k \ ] 0 60 120 180 240 300 360
R B B Frequency (Hz)
0 100 200 300 400

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.
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EUROPEAN
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Klystron droop and ripple

v 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,
especially in normal conducting cavity

< S

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

RF freqency Cathode Phase variation =~ Amplitude
‘ ‘ ' /MHz voltage change /deg. variation
1~V \/\ J b JPARCI1] 312 3.40% 25 "8% (power)
LJ 0 SNS [2,3] 805 3% “50(max) “8%(power)
PEPII[4] 476 “14° /kV
SACLAY[5] 704.4 200V@95kV 10° /kVa@92kVv

relativistic case:
eWLV dV

da=-
7= mc3bsg3 V

p=L=_L g=wt
u i’
m
wL dV
dq:_ X
2¢V V
m

5/2
uut I"l V

1/2
out IJ' P

out

5/4
oul U‘ V

dv,

out l-'l

4

out

Sdv
4V

Boonton 4508A Pulse

Freq 0.80 GHz |Tr CH ITTL

High Tr Ll 140 v
5 Tr Dly 494 us
RATIO

>MK1

128 Skl

41.82 »

Power Measured
~ 5:us fromend of
pulse ‘

Util > Hardcopy >

UScale 20 kU
Vofset 1.88 Div
Offset 79.60 dB

52.72 1’

- Amplitude °

1 5%.

{ -

losed Loop :
maintaing cavity field ————
108 us/Diy 9

JPARC

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



:zﬁ: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-1Q sampling);

Drift calibration in digital control,



How does LLRF control?

December 12, 2011 R. Zeng, ESS RF Workshop, Uppsala 23



SEELE%E"‘?N GDR and SEL

Phase Amplitude
M.O. Controller Controller _ Klystron

& x

A

@
Phase _I A
Setpoint—=| @ - -
Generator Driven Resonator
Phase Gradient Detector
Gradient \
Sé?l:lgpnt r Cavity

Phase Amplitude
Limiter Controlier 'Controlier . ystron

J— @ A
A 1
v -
@ |<=— Loop Phase Gradient Detector Self Excited LOOQ
Gradient
M.O. Cavity
o—ms
A Phase Phase
Setpoint AN

v" SEL is running exactly on resonance, not affected by cavity detune, and
hence the amplitude is inherently stable

v" Start up may be slow, may be not good for pulse operation

Further reading: S. Simrock, M. Grecki, 5th LC School, Switzerland, 2010, LLRF & HPRF.



EUROPEAN

kT A typical LLRF System at SNS

v" Modern LLRF system makes full use of the advantages from new technologies of the
Electronic and Communication.

v" Key controllers (feedback and feed forward) and other signal processing are implemented
in digital domain (FPGA, DSP).

Field Control Module

December 12, 2011 R. Zeng, ESS RF Workshop, Uppsala 25



EUROPEAN

ey 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“,’STI’DH CﬂVity , Bode Diagram
X y : rtoy open loop
' + [ | B rto y closed loop
Setpoint” \= Kis) 0 Heav(s) > _10 i .
L
Gain ! N —20}-
[ Noise |r g
- —30F
-]
2
E, -40-
Loop Delay Detector =
=50}
E(s) Dis) 60"
-70
10° 10° 10° 10° 10°
Frequency (Hz)
owp nespuIss

Ho(f) = GHeave 7™

H(f) = ——

(72 )2+1

Thbw

Amplitude

0= LHO(f)z—arctan(ff )—Tf~

hbw

The instability is happening when:
[Ho(f)] 21,

©=-180°+n-360°, n==+1,+2, ... -
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EUROPEAN

e Integral-proportional controller

v" Integral gain of Ki=2nf,;5,, 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+Kiys ——(, ) Heav(s) _, Ho(f)= K, (1 + i)Hmu (et
Setpoint P = j2nf)
K (j27rf+Ki)( frbw )P—jﬂ‘rf
[ Noise ]r \genf NS f)
K \? IRt
=Ko 1+ (2 R ()
Loop Delay [Ho(f)| p\J 2 f / Frow
2
E(s) [ 9= AHo(f):arctan(if)—arctan( f )—E—%rrf.
K; Twbw/ 2
200 I :
Ki=0
150 Ki=0.001K ||
Ki=0.01K
@ 100 Ki=0.1K |+
/  System:T System: T : =3 Ki=K
Co Frequgncy(Hz):aoz Frequgncy(Hz):6.839+04 . § 50 Ki=10K ol
Magnitude (dB): -40 Magnitude (dB): -40 ;E‘” o i Ki=100K
g Ki=1000K
—_~ s o - -
5 i
° -50
k-]
2
£ 100
a
=2
45
g
g -90
£
-135
Frequency (Hz) 10

Frequency (Hz)

Figure 13: Noise suppression performance of PI feedback closed loop as a func-
tion of frequency for superconducting cavity (X, = 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.

December 12, 2011 R. Zeng, ESS RF Workshop, Uppsala 27



. EUROPEAN
, SPALLATION
. SOURCE

Feedforward

v Feed forward is to deal with the repetitive errors
from pulse to pulse.

v"In simplicity, It adds the errors learned to every

pulse by feed forward table

v Take an example for only-Lorentz detuning case

in simulation

I
] =

1

t e

:':I‘:V
R

v

cav

R

L

cav

L

V‘av ;
+[b,, = ];’ +IbCOS_/ b ﬂ

L

, V.
tanj , +1, =<
RL

tan/ ,+1,sin/,




S Adaptive Feedforward

v However, there are some perturbation always going on, like temperature
drift, operation condition changing...

v" It is desirable to automatically update the feedforward table corresponding
to the changes

v A possible scheme: take the current drive signal of the pulse as the
feedforward input for the next pulse...

v" Unfortunately, it is unstable (don’t forget the overshoot from feedback)...

v" Add a time-reversed low-pass filter Lownass: / \
owpass:
Time-reversed lowpass: /\

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. s time-reversed low-pass

FF,.cw = TRLP(FB)*FF . ...is surprisingly stable :)



§§§§§5"“?" MPC and system identification

v" The real world is still not good enough when there are some
high frequency perturbations...

v" Some advanced control methods: Model Predictive Control,
System identification...

v" Build mathematical models of the RF system based on
measured data from the system(it might be a higher-order
models, requiring large memory and calculations )

v" Predict the future input of the system based on the
mathematical model built and the output required.

v" Develop costumed algorithm for particular perturbations
Vo

Further reading: S. Simrock, M. Grecki, 5th LC School, Switzerland, 2010, LLRF & HPRF.
J. Richalet, et, al. Model Predictive Heuristic Control: Applications to Industrial Processes, Automatica,Vol.14, 1978
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il Challenges at ESS

704.42MHz

352.21MHz

1 f

75keV 2500MeV
RF Source/ 1 28 120
+ More than 200 LLRF stations to be built by 2019 for RFQ, DTL, Pulse length:
. . _ 2.86 ms
spoke and elliptical cavities . (One klystron for one cavity.) Rep rate:
+ Multi-cavity control is also being considered. 14 Hz
Current:

+

Many issues to be addressed
: 50mA
+ Stringent demands from ESS leads to tough challenges
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ez Issues to be addressed

e

Frequency Generation hase Reference Distribution Frequency Conversion

1. Generation of required 1. Phase stable and low temperature coefficient cable or fiber 1. Down/up conversion

frequencies (RF, LO, IF, Clks) 2. Phase drift control 1. Selection of the IF and sampling rate
2. Low phase noise 3. Distribution of the frequencies at each LLRF station 3. High isolation between channels

4. Low noise and phase drift!"#$og#'!

\. A\

6agnostics \éwity Field Control \@Vity Resonance \ Gntrol System Sever \

1. Parameters calculation and 1. Amplitude and phase setting Control 1. High degree of automation to
monitoring (Q value, cavity 2. 1Q detection 1. Pre-detuning to compensate enable easy operation, fast fault
detuning etc.) 3. Feedback synchronous phase operation detection and recovery
2. Signals monitoring (power, 4. Feed forward 2. Normal conducting cavity 2. Fast communication and
vacuum, temperature etc.) 5. Beam loading compensation frequency control high-speed data exchange
3. Faults fast detection, 6. Klystron linearization 3. Dynamic Lorentz force 3. Powerful database to support
locating and analysis 7. Fault avoidance, detection, compensation fast detection and recovery and
4. Timing, logic, algorithm recovery and tolerance 4. Microphonics control adaptive control
communication checking 8. Beam based feedback | 4. Interface to control system

' 5. Remote access/control

5. Cavity simulator
AN A J\ Y,
fRF Control Hardware \ Host CPU

1. Selection of FPGA/DSP, FLASH/SDRAM, fast and high resolution ADC, DAC

2. Boards with which interface to communication (VME, VXI, ATCA, PCI or Ethernet..."?)
3. Hardware debug points

4. Hardware concerns: SNR (ADC nonlinearity, DC/DC convert noise, clock jitter, crosstalk) and
temperature independency

\._ J

General purpose CPU or
system on chip to implement
the control server
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Predistorter

/ H I g h Effl C I e n Cy I:gm Complex Up OLFJQtIEUt
¥ Delay Multiplier - Converter] '> ’> —

+ Klystron Linearization 1

|| Addressing— Table

Adaption Down
Algorithm Converter["

+ Minimize power overhead.

Delay

v" High availability 95% v" Others
+Avoid failures that cause the +  High intensity
whole system to fail + Long pulse
Iiifgr?g?ir:gl detect + Highgradient
y +  Spoke cavity

+ Fast recovery
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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" Avariety of perturbations can be seen everywhere in the accelerator environment, from
outer the cavity (power supply, drive signal, the control crates) to inner the cavity
(beam loading, Lorentz force detuning, microphonics)

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

v Feedforward is essential for the repetitive perturbations and need automatically update,
meantime avoiding the instability caused by feedback...

v" There are many issues to be addressed at ESS and also big challenges, we have to
figure out the requirements for LLRF and find suitable solutions for ESS. We should
look into more advanced control methods to be able to better complete the tasks

v' At last, “A LLRF without feedback?”



Thank you for the attention!
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