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Jeo'e 1. Introduction/Motivation

e LLRF and Feedback

— Examples: ERL vs. FEL
— Differences

 Basic LLRF components
e Disturbances and Noise - Fast and Slow Distortions
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LLRF Controls and Feedbacks

See talk S. Di Mitri: “Bunch Length Compressors”

Typical RF stability values: AA/A =0.1%...0.01%

4 i sEeneraygan ) A¢=0.1°...0.01°
@ = 0 (beam “on crest™)
= > ® (rf phase)
@ = —T[2 .
(beam at “zéro-crossing”) Energy gain
i y Energy spread
Electron beam = — Cavity [— =
Asinwt (A+ AA)- K- (A+AA)
sin(wt + Ag) sin(wt + Ag) ) )
@—> Actuator Asin(wt + @)
= Low power ~V High power ~MV !
Oscillator
AA, A
LLRF Controller

(analog or digital)
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CL',\') Example 1: Energy Recovery Linac (ERL) (E)

Compact ERL @ KEK [Nakamura2014, Miura2015]
Constructed as a test facility of a 3-GeV ERL future plan.
The commissioning has been started from 2013.
- Continuous wave mode (CW) . Iﬁ

; Ja

3 o

| ?»“ . Beam Dump

> 3
Lol
.

"'..
' - r...-’.\

e Main LINAC

Circumference~90m ﬂﬂ%[ I |

N

9-cell SC cavity x 2
Q, =1x 10’

" Marger

- injector LINA RF frequency= 1.3 GHz

[

Design parameters of the cERL

©Rey.Hori/KEK Nominal beam energy 35 MeV
’ . 2-cell SC cavity X3 Nominal Injector energy 5 MeV
Photocathode DC gun Q, =5x10° [ 10 mA (initial goal) |
NC Buncher Normalized emittance 0.1 — 1 mm-mrad
Q =1.1x10° Bunch length 1-3ps (usual)

100fs (short bunch)

Talk: Concept of ERL; 4t of June
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0 Example 2: Free-Electron Laser (FEL)

Talk: H. Weise;
The European XFEL
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QO Free-Electron-LASer in Hamburg (FLASH)

CERN Accelerator School

Operated at 10 Hz (100 ms) NRF gun (Q, = 1.2-10°)
Pulse length ~ 1ms Klystron with 5 MW

- 1% duty cycle input power

SRF cavities (Q, = 3-106)
Klystron with 5/10 MW
input power

Max. 1.2 GeV beam energy
Wavelength > 4.1 nm

@@ —" ~—{Acc2 ] Acc3 —"~_—{ Acca [ Accs }—{ Acce | Acc7 FLASH 1

BC2 BC3
FLASH 2
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Cé\’) Example ERL and FEL Parameters

rator Schoo

Compact ERL @ KEK FLASH @ DESY
e Photocathode DC gun e NRFgun
* NRF Buncher - Q=1210°

- Q=11-10°
* SRF cavities * SRF cavities

- Q;=4.8-10°...1.3-107 — Q,=3.0-10°
e Driven by SSA, Klystron, (10T) e Driven by Klystron

— 1 Amplifier per cavity — 1 amplifier for RF gun

- single cavity regulation - single cavity regulation

— 1 amplifier per 8/16 cavities
- multi-cavity regulation

Operated in Continuous Wave (CW)
High beam loading (10’s of mA)

Operated in Short Pulse (SP)
Moderate beam loading (mA)

Goal of LLRF Controls and Feedback:

* Stabilize certain properties/values to high performance
* Being able to measure the quantities
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060 Basic LLRF Components in an RF field Feedback Loop

Plant: Series connection of components
e Amplifier (Klystron, Solid State Amplifier (SSA), ...)
e Cavities (normal- or superconducting — NRF or SRF)

* Pre-amplifier etc...

Sensor: Ability to measure signal to be controlled
e Pick-ups, antenna, magnetic loop, ...

(e4niAI “1) STOT ‘9-€
AON ‘leysueys ‘ST,4411

Controller: Processing unit
e Analog (resistor, capacitance, operational amplifier, logic blocks, ...)
e Digital (Microcontroller, DSP, FPGA,...)

reference error input output
Controller Plant —
Sensor
measurement
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U:\’) (LL)RF Applications

or School

Linear or circular machines
Normal-/superconducting RF systems

* RFfield frequency
Typical in accelerators: MHz ... tens of GHz

CW - Continuous Wave

e Continuous RF field
e Duty factor 100%

DF = tpulse : fTep Time

|,

|
| Time

Amplitude

Pulsed Mode
e Certain amount of time is useable for Pulse
beam acceleration duration
—
— LP - Long Pulse Mode
e DF10% - 50%
SP — Short Pulse Mode
e DF1%,e.g. 1mson, 99ms off

Amplitude

Repetition rate
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. [ ] [ ] [ ] [ ]
COQ Disturbances and Noise - Fast and Slow Distortions

Disturbance to plant input - d (t) Other:

 DAC, vector modulator, temperature & Aging, switching in electronics (e.g. fans),

humidity (PCB) ground motion and vibrations, faults in
devices and components, thermal
heating within macro-pulse, ...

Disturbance to plant - d,(t)
e Pre-amplifier, Klystron, HV modulator,

cavity length (motor tuner or water * Electromagnetic interference (EMI)
regulation), Beam (beam loading and e Drifts
multi bunch effects) e Electronics

Noise — n(t) e Synchronization system

e ADC distortions, noise, quantization * Timing distribution

noise, temperature & humidity (PCB)

dp(t)
d,(t) \L Plant d,(t)
e =
. I Lot ‘L
r(t) e(t)) Controller u,(t))éur(t) :) Elrjs:tAr?np'... —> Cavity :y'() y,(t)
T——————
Delay € n(t)
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(A') 2. System Description for RF Field Control Loop

1. Sensor (RF detection)

2. Actuator (RF manipulation)

3. Amplifier

4. Cavity Energy gain

Energy spread
Electron beam = — Cavity [— =
Asinwt (A+ AA)- K- (A+ AA)
sin(wt + A¢) sin(wt + Ag) 3 )

@—> Actuator Asin(wt + ¢)
Mast 1 y

aster g

Amplifier

Oscillator AA, Ag P Sensor

LLRF Controller
(analog or digital)

S. Pfeiffer, CAS on FELs and ERLs, Hamburg, 07.06.2016 10



CA') RF detection

lerator School

Details = see backup slides

r s s(k)

1. Baseband sampling (RF = BB) BB /1 Rp
)= {-\
TN
. . = 1 3 GHz
LO split by hybrid \ \ frr
> 7 =54 MH
R .l / 1/Q sampled by 2 fie =5 :
) ADCs 0 f far 7
§ @ el Q L S | 111 T
£ 2. Down-conversion fromRF > IF> BB
z ER
RF e |\ frr| = |frr — fLO] £
" . RF signal
oo NI TN T
ADC sampling and field detection I 0 200 40T0ime [MS]OO 800 1000 A sin (wt + CB)
FE?;% g} - § AR —— Phasor Q ~ I'=A-cos¢
Lo V Q=A-sing S
ignal ——— ensor
1?5%1}?; L(Se::(rja{t-i?;: -/ I e /I2 + Q2

MO Synchronized CLK d 1a g ram /-

data processing ¢

¢ = atan2(Q, I)

Envelope of
RF signal

1%

S. Pfeiffer, CAS on FELs and ERLs, Hamburg, 07.06.2016

e.g. LLRF Controller 1/ pair as amplitude and phase
information w.r.t. MO signal
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The CERN Accelerator Sch

RF Field Control Loop

1. Sensor (RF detection)

2. Actuator (RF manipulation)

3. Amplifier

4. Cavity Energy gain

Energy spread
Electron beam = Cavity — =
Asinwt (A+ AA)- K- (A+ AA)
sin(wt + A¢) sin(wt + Ag) 3 )

@—> Actuator Asin(wt + ¢)
Mast 1 v

aster e

Amplifier

Oscillator AA, Ag P Sensor

LLRF Controller

(analog or digital)

S. Pfeiffer, CAS on FELs and ERLs, Hamburg, 07.06.2016
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CA’) RF field manipulation

rator School

e Up conversion using vector modulator
— MO signal split to 0° and 90°

e VM with bandwidth usually tens of MHz (>> cavity BW)

Yin(t) = Aip sin(wt) 0° Sm@ > Yout (t) = I - Ajp sin(wt) + Q - A;p, cos(wt)
— 90° COS >®_> Z > = Aout sin(wt -+ Agb)
A
I Q Aout — Azn ’ I2+Q2
Asinwt
(A+AA)-sinwt +Ag)  AA=Ay - (VIZ+Q? 1)

@—) Actuator > A¢ = atan2(Q, I)

Master
Oscillator AA, Ag

S. Pfeiffer, CAS on FELs and ERLs, Hamburg, 07.06.2016 13



The CERN Accelerator Sch

RF Field Control Loop

1. Sensor (RF detection)
2. Actuator (RF manipulation)
3. Amplifier
4. Cavity Energy gain
Energy spread
Electron beam = —— Cavity —
A sin wt (A+AA)- K- (A+AA)
sin(wt + A¢) sin(wt + A¢)
@—) Actuator
Mast -
aster .
Amplifier
Oscillator AA, Ao P Sensor

LLRF Controller

(analog or digital)

S. Pfeiffer, CAS on FELs and ERLs, Hamburg, 07.06.2016
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. [ ] [
00 Amplifier Example: Klystron

 Non-linear behavior in amplitude (e.g. saturation at max. output) and
phase

e Linearization of static characteristic curve

e Bandwidth usually tens of MHz (>> cavity BW) Characterization

A actual output  desired output r
g ’ 2 desired output Linearization
g &
b ’ = (v ' Y A ‘ '___'r__l__*‘__a‘-—-i_
ES / g : ¢* o
g y O actual output e 7 .
S|/ [ e :
Input Amplitude g Input Amplitude g _H: ol f ’
2 | -
Output amplitude and phase is = ?Oi_ y .
function of input amplitude O / .
- /
o e 10 // .
Amplifier S
Xo (t) —={ System }—= x,(¢) L
0y 1 1 | | 1 | | 1 1 1 | | | 1 1 1
Xe(” X, (t) 0.0 02 04 06 08
Input
Xe,s
. Examples: See PhD Thesis M. Omet, KEK, 2014
0 t i http://www-lib.kek.jp/cgi-bin/kiss_prepri.v8?KN=201424001& OF=8.

S. Pfeiffer, CAS on FELs and ERLs, Hamburg, 07.06.2016 15



CA'D RF Field Control Loop

1. Sensor (RF detection)

2. Actuator (RF manipulation)

3. Amplifier

4. Cavity Energy gain

Energy spread
Electron beam = —— Cavity — =
Asinwt (A+ AA)- K- (A+ AA)
sin(wt + Ag) sin(wt + Ag) 3 .

@—> Actuator Asin(wt + ¢)
Mast 1 y

aster e

Amplifier

Oscillator AA, Ag P Sensor

LLRF Controller
(analog or digital)

S. Pfeiffer, CAS on FELs and ERLs, Hamburg, 07.06.2016 16



Example: 9 Cell SRF Cavity

[Schilcher.1998]

Parameters for SRF cavity

Operating frequency:

Length:

Aperture diameter:
Cell to cell coupling:
Quality factor Qq:

r/Q = ren/Qo:

1.3 GHz
1.036 m
70 mm
~ 2%

~ 1010
103652

e Pimode is used for acceleration

(TMO010 mode)

* 8pi/9 mode only 800kHz separated
from operating frequency = may

influence accelerating field stability

127

S. Pfeiffer, CAS on FELs and ERLs, Hamburg, 07.06.2016

cell 1

cell 2

coupling

(ih--if

\ S 4

cell 8

coupling

Modelled with 9 magnetically coupled
resonators (RCL circuits)

2¢c di/ REF -80 4B

il

i: -90.72C ab
ar4 Tsa r.u-|=|

b1
..._9_

|
a! L

F !
E}Tl'.

|

T

IF Ll
1 MHz

£, =1300.091 MHz
£~ 1299.260 MHz
f,,.= 1296.861 MHz
£, =1293.345 MHz
£ o 1289.022 Mz
0= 1284.409 MHz
f,,= 1280.206 MHz
f,= 1276.435 MHz
f,= 1274387 MHz

Mechanical model is neglected at this
point, see example at the end

17



CA’) From RCL circuit to cavity characteristics

rator School

Mo HH O e

I

e RCL circuit equations need to be
mapped to measurable cavity
parameters (bandwidth, shunt
impedance, quality factor etc.)

e Start with high frequency modelling

 End with baseband model required
in LLRF control scheme with down-
conversion

S. Pfeiffer, CAS on FELs and ERLs, Hamburg, 07.06.2016

cell 1 cell 2 cell 8 cell 9

> _ ¥ > 7 w_« \ 4

coupling coupling

Ig I,
_b 4_
| —T...
7\ L 7\
IQ @ Zext L ; |::|R —_—C @ Ib

Consider only 1 RCL circuit
(as simplification)

18



oc'.\o From RCL to differential cavity equation

lerator School

RCL circuit Cavity characteristics
I
5 ‘Ii Coupling factor:
L — T
5= R
Ig@ ZextD L§ DR ——C V@ I Zext
\4 Loaded shunt impedance:
1 1 1 1 1\ R

Vit V(t)+ —=V(t)= =I(t R—(—+ ) R

O+ 7aV W+ eV =510 "T\RT Zew 1+
Ig +1g, +1p=1= fg + Iy Loaded quality factor:

1 wo d 1 2
= and — = w -1
R.C Q. Lc ° _(1 1) Qo
. QL = + =
A VA Vo . Qo Qext 140
Iy, =—,Ip=——,1Ic = cV
L Ry, A
V() + 20 () + wdV(t) = 20 ()
QL QL

Differential cavity equation with harmonic
RF driving term [(t) = Iy sin(wt)

S. Pfeiffer, CAS on FELs and ERLs, Hamburg, 07.06.2016



To'e Differential cavity equation

lerator School

) wp ¢ )  woRy -
V(t) + oL V(t) +wpV(t) = B

Solution for input signal I(t) = I sin(wt)

wo ..
(RF source) is given as cavity properties with o
approximation for high Q cavities :
Cavity detuning
V(t) =V sin(wt +¥(t)) Aw=w)—w << w
~ RpI Aw
V ~ L0 = tany ~ 2Q —
1+ (20182 y
Steady state amplitude and
phase of cavity signal with
respect to the RF source v ! V=R 1,
““““““ 7™
S\ =5%
Half cavity bandwidth (// R dB o
% L<w) / | ’\
wie = s~ = (KW I
1/2 QQL T _, | i | ~
o

with time constant 7 N >

® w

S. Pfeiffer, CAS on FELs and ERLs, Hamburg, 07.06.2016

I(t) V(1) + 2w oV (t) + WiV (t) = wy o RLI(t)

. Cavity resonance frequency

.. Driving frequency (RF source)

Tuning angle
v(t) = L(L(t), V(1))
Angle between

driving current and
cavity voltage

e
/O j
"

1l

[

I," -r~—\|j=1
Sv

20



To'e Differential cavity equation

lerator School

Black: RF source I(t) = Ijsin(wt)

Steady state solution of cavity model (field) for sinusoidal (
Red: Cavity field V(t) = Vsin(wt + ¥(t))

input signal (RF source) with amplitude of one

A f=-200 Hz
[ 1 ', opr——
n - oy
= - ~
E v N
& 05 7 \
= ' ' ' N X
% H H H E’i ! ‘,
-1000  -500 0 500 1000 @ \
.6) o ! -l
© 1 “\ !
90 £ | M ’
= : . |
g% 05 . e 7
— < 4
& \ K
© L P
i -4 . . . _1 L PN i oo
oo 500 0 500 1000 4 05 0 05 1
A f[HZ] Real
Variation of cavity detuning Phasor Q
. w
Aw =Wy — W < w d|agram ‘7 (t
~ RLjO Aw
Aw
\/ 1+ (2Q.52)
I
. . ) .
V(t) + 2W1/2V(t) + Wy V(t) = wl/QRLI(t)
21
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Q0 Cavity baseband model

erator School

The high (carrier) frequency cavity model is not of our interest for studying the cavity

response under feedback operation; we are interested at the baseband model
(envelope of RF signal)!

Separation of fast RF oscillations from the slowly changing amplitude and phases of
the field vector

... in-phase (real)

= Jwt = Jwt =7 . . .
V=V (t)e’*" and I =T (t)e V() =Vi+3Vq Q... quadrature (imaginary)

First order cavity differential equation for envelope, Remove fast
i.e. the cavity baseband equation: changing part!

Q ;

V[ + wl/QV[ + ACUVQ = RLw1/2II
VQ + wl/gVQ — ALUV[ = RLwl/QIQ

As short hand notation with complex vector field:

= . — —
V+ (w12 —JjAw) V =wyi R T

Remember: Aw < w and wy/y < w

Phasor diagram

S. Pfeiffer, CAS on FELs and ERLs, Hamburg, 07.06.2016 22



00 Step response

The CERN Accelerator School

) = ' — — 05
Cavity BB: V + (w12 — jAw) V = wy R T

— 1 :t>0 V4
R, T = = 1
L 0 :¢t<0

Aw =wy —w

Imaginary part of V
o

_05 “-7-....."‘-"-""" V i g..;;'# e | |
0 02 04 06 08 1
Real part of V

Amplitude

A(n.-"m”2 =-0.5
= — Aoof’c»)”2 =0
5 Aw/o, , = 0.5
O EALL N -
g ............................ Ao)fc)”z 1
i JR— A(nfmﬂz =2

a , ; ; | A0/, =3
0 2 4 8 8 10 | Aw/o =5

Time [ms] 12
S. Pfeiffer, CAS on FELs and ERLs, Hamburg, 07.06.2016 23




do'e) Additional Passband Modes

lerator School

e Short outline, for details, see [Schilcher.1998] and [Vogel.2007]

e n-th mode:
: —

> . > n—+1
VA4 ((wiy)er —i(Aw)ar) V= (-1)""Kar(wijo)zrRr I ,n=1...9

e Cavity field is the sum of all passband contributions

White Box Cavity Model

20 o T o T o T o T o ] o
Aw = —27-10 H= IR RO NN B
£
Qr =3-10° P
For variation in the ;
coupling Kng, and
loaded quality factor
(w1/2)%ﬂ' see e.g. _
[Vogel.2007] Loy

10°
Frequency [Hz]

S. Pfeiffer, CAS on FELs and ERLs, Hamburg, 07.06.2016



. [ ] [ ]
00 Summary System Description

* RF field detection
— Down-conversion to baseband (envelop of HF signal)
— Direct A/P sampling nowadays possible (high speed ADCs)
- May worsen SNR of ADC
— Preferred method depends on your application
* RF field manipulation
— Up-conversion from baseband to HF
— Bandwidth in tens of MHz range
 Amplifier (Klystron)

— Mostly non-linear input/output behavior
—> Linearization desired

— Bandwidth in tens of MHz range

e Cavity (9-cell SRF cavity)
— Differential equation as baseband model
— Bandwidth (Hz ... kHz), detuning and higher order modes

S. Pfeiffer, CAS on FELs and ERLs, Hamburg, 07.06.2016
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Q0 System Overview — Example at FLASH

o BC2 BC3
RF G = ACCA1 —/_\— ACC23 ACC45 = ACCHET [,
r 3 = r F A 3
u vy u y u y u -y
L J L J L J L J L
LLR LLRF LLRF LLRF LLR
controller| [controller controller controller Jcontroller
e Several RF stations Energy gain
e System description will differ Energy spread
(uncertainties, couplings etc.)
- System identification/modelling Electron beam = — Cavity — =
ideally with input u(t) and output y(t)
A sin wt (A-FAA) K(A+AA)
sin(wt + Ag) sin(wt + Ag) ) 3
@—> Actuator Asin(wt + ¢)
A Low power ~V High power ~MV {
Master .
Amplifier
Oscillator AA, Ao P Sensor
U(s) LLRF Controller p Y(s)

(analog or digital)

S. Pfeiffer, CAS on FELs and ERLs, Hamburg, 07.06.2016 26



Q0 System Overview — Example at FLASH

o BC2 BC3
— /
RF Gun =~ ACC1 ACC23 ACC45 = ACCHET [,
F 3 F 3 F 3 r' 3 I 3
U Yy u Y u vy u y
L J L J L J L 4 L
LLR LLRF LLRF LLRF LLR

controller| |controller

controller

e Several RF stations

e System description will differ
(uncertainties, couplings etc.)

- System identification/modelling
ideally with input u(t) and output y(t)

controller Jcontroller

System model by
identification for model
based controller design

(LLRF controller)

—>

Actuator

—> Amplifier —>

Cavity [—>| Sensor [—

U(s)

LLRF Controller
(analog or digital)

S. Pfeiffer, CAS on FELs and ERLs, Hamburg, 07.06.2016

Y(s)
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. [ ]
00 3. System Modeling - General

System Input-Output Modeling
Laplace Transformation
Bode Diagram

-l A

Example: System Modeling using Matlab

S. Pfeiffer, CAS on FELs and ERLs, Hamburg, 07.06.2016
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. [ ]
oo System 1/0O Representation

input u(t) plant output y(t)
_— >

. g(t) ; G(s)

input U(s) output Y(s)

Time domain

e Convolution of impulse
response g(t) and input u(t)

y(t) = g(t) *u(t)

e Makes analysis very
complicated

S. Pfeiffer, CAS on FELs and ERLs, Hamburg, 07.06.2016

Frequency domain

Laplace transformation used in
system analysis

s =0+ jw
Multiplication of impulse
response G(s) and input U(s)

Y(s) =G(s)-Uls)

Makes system analysis easier

29



. [ [ ] °
oo Transformation into Frequency Domain

* Fourier transformation
— Defined for all t /oo
t

e Laplace transformation
— $: =0+ Jjw

— Defined for all t > 0 (causal system) F(s) = / e T f(t)dt
t

- f(t) =0,Vt <0

* |nverse Laplace transformation

a—+700
F() = LYF(s)} = —— /

S. Pfeiffer, CAS on FELs and ERLs, Hamburg, 07.06.2016
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00 Example: Cavity Equation

rator School

Find transformation as table in www

Sl No. | Time Domain f(t) S Domain F(s) From time domain
g — _ - —>
1 Unit impulse 3(z) 1 Vo (w1/2 —JjAW) V = wiolRr 1
2 nit s 1 .
- Dnit e :f To frequency domain
) t 52 — _ — —
4 in n! SV + (w1/2 — jAOJ) V = O.Jl/QRL I
gn+l
— —
f'(@) sF(s) — f(0) 4 —
6 £ (0 s2F(s) — sf(0)— F'(0) (8 —|_ (w1/2 jAOJ)) V wl/QRL I
7 et é;s>a
n,at n!
] t"e m .
a
9 sinat S0 G(S) _ K _ wl/QRL
10 cosat Wscﬁ ;50 ? S + (wl/Z - jAW)
— —
I plant vV
—_—
G(s)

S. Pfeiffer, CAS on FELs and ERLs, Hamburg, 07.06.2016 31



CA’) Example: Cavity Equation

Complex I/Q representation: First order system:
_ b
. G(s) = 534
R
G(s) = ‘_{ () _ = /2 L_ Static gain: Kp =bg/ag for s — 0
I(s) % + (w12 — jAW) Time constant: 7 = 1/ag
— wy/oR — Step response:  y(t) = K,(1 —e /7
RO T — | ) = 55l )
5+ (w172 — jAw) '
I/Q representation (MIMO): SELTIDR "‘W@it;:;mil =

V[ +w12Vr + AwVg = Rpw ol
VQ + wl/ZVQ — AOLJVI = RLwl/QIQ

{ Kp
d Matlab: >> step(G)

Amplitude

We = ag = 2w - 214 Hz,

Assume Aw = 0:

VI —I' CUl/QVI — RLwl/QII i I Timel[mgl

Vo + w12V = Rrwi21g System with time delay 7}:

— 2 decoupled 15% order SISO systems
Ga(s) = G(s) - e Tas
Gri(s) =G (S)ZE:—RLMV2 = e

H @@ I,  s+wiy G(s) ... time delay-free system

S. Pfeiffer, CAS on FELs and ERLs, Hamburg, 07.06.2016 Ga(s) ... time delayed system 32



To'e Bode diagram

The CERN Accelerator School

Bode magnitude and phase plot

u(t) = sin(2w f;t) y(t) = K -sin(27 fit + ¢)
- Magnitude:  20log,y(|G(s = jw)|) —> G(s) [—
- Phase: arg(G(s = jw))
:u Figure 99
First OI‘deI‘ SyStem: _fne i Ed:;t View Inss?rt .Tuols D&:Fctop“ Window Hep
NEade RN EL- 2| 0E D
b e diagram
G(S): ﬁ R R :::::::I:god:d::g:l:::::
-

— G (5) :

Static gain (s — 0):  Kp = by/ag
Corner frequency: fe=ao

i
8

| P— exp{-TdS)

s

m
AL
©
o
3
=
=
(&)
©
=

==-ceepcT ol L

System with time delay 7;:

3

G(s) = Gy(s) - e T8

Phase [deg]

- Go(s) ... time delay-free system

- Time delay Wlth gain Of 1 and phase . Pl 5555.55'1 Lo iiii;:}z P :iii;:)a P
I'Ol].—Off Of: | Frequency [Hz]
‘6_Td'8‘ —1 Example:
We = ag = 2m - 214 Hz,
[(e7Ts) = p(w) = —Tyqw [rad] bo
Kp=—=1and
— _T 180 d do
= —Tyw i [deg] T, = 10us

S. Pfeiffer, CAS on FELs and ERLs, Hamburg, 07.06.2016 33



. [ ] [J
OO Serial, parallel and feedback connection of blocks

The CERN A

e Serial connection u s
e e —>|G1(5)Ga(s)—>
U7 | Y1 = u2 : Y2
TR Gl 2 G T () = Gils) - Gals) - T(s)

 Parallel connection

|m—————————— I (5] "N
U1 | 1 Y1 — Gl (S) + GQ(S) >

Gl(S)
: | ? : Yi(s) = (Gi(s) + Ga(s)) - Ui (s)
: GQ(S) i

* Feedback u Gy (s) Y1
————————————— " —_— >
U : Uy : U1 I$ G1(s)Ga(s)
; +—>  Gi(s) I > ¥ (s) G1(s) U(s)
- I 1 = .
Negative: s uy | ! I F G1(s)Gz(s)
FB loop 1 Ga(s) |€&— : o Yi(s)  forward gain
I c — =
I

L e e e e e o - CU(s) I _I—_loop gain
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L0 System Modelling

rator School

A system model is a simplified representation or abstraction of the reality.
Reality is generally too complex to copy exactly.
Much of the complexity is actually irrelevant in problem solving, e.g. controller design.

Physics Engineering
- -
1
— Equations e J_ —I-l,—)-- [
1
1
White Box Model Black Box Model -
Fu//y.based on. | — {Jsage f’f defined
physical description Methods input signal u(t)
e.g. cavity equation - observation of

output signal y(t)
.2 G(s) =Y(s)/U(s)

[Pfeiffer.2014]

Grey Box
Model

Parameter estimation
based on physical
W /| equation
e — > Find some free
parameters

— System identification using special input signals

S. Pfeiffer, CAS on FELs and ERLs, Hamburg, 07.06.2016 35
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System Identification

using Matlab

e System ldentification Toolbox
for SISO systems

Data Format for Signals

Command Window

>> 5 = tE('="); Bandwidth, G(s),
»x wWl2 = 2*pi®214; .

o,
s> G = wil2/ (s+(wl2)): In/out + 1% noise
»» u = [ones(1000,1)1:
»» v = lsim(G,u, [D:1:1length(u)-1]1*10e-&);
> yn = y+0.01*% (rand{length{v),1)}-0.5);

ident

File Options Window Help
Time-Domain Signals i

: Import data
Crperations

Import models -

hui

Workspace Variable I \

|=— Preprocess i
Input: u mydata - 1 - G

¥n
N . mydata
Waorking Data
Data Information ‘t
Data name: Eshiiatiis :J‘

Starting time

Esfimate —=

Data Views

Model Views

Transfer Function Models...
State Space Models...
Process Models..
Polynominal Models..

Sampling interval:

[7] Time pint

l'__| Data spe:

MNumber of poles: 52|

MNumber of zeros: l

@ Continuous-time () Discrete-time (Ts = 1e-05) | | Feedthrough

b 1/O Delay
P Estimation Options

’ Estimate ] ’ Close ] ’ Help ]

S. Pfeiffer, CAS on FELs and ERLs, Hamburg, 07.06.2016

H File  Options Style Channel Experiment Help

Measured and simulated model output
15

BestFits
tF1:98.43
G 98.43

0.004 0006 0003 001

Time
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00 4. Feedback Controller Design

Ways to control
Control Objective
Stability

Gang of four

A A

Types of control

S. Pfeiffer, CAS on FELs and ERLs, Hamburg, 07.06.2016
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CA" Ways to Control

lerator School

Open loop disturbance
(simple)
\
input output
> plant |——>
Feed forward disturbance
FF
/
. output
nput %—% plant ———
Feedback disturbance
reference
feedback > plant >

sSensor

S. Pfeiffer, CAS on FELs and ERLs, Hamburg, 07.06.2016

Precise knowledge
on I/O behavior;
No action on
disturbances

Precise knowledge on
1/O behavior;

Act by feedforward
e.g. on disturbances
- No action on signal
to be controlled

Feedback and regulate
the signal to be
controlled by acting on
the input

New system with new properties !
See: connection of systems

38



(c.\’) Objective of a feedback control problem

rator Schoo

Make the output y(t) behave in a desired way by manipulating the plant
input u(t)
e Regulator problem (output disturbance rejection with constant reference)
— Counteract the effect of a disturbance d,(t)
e Servo problem (reference tracking without disturbance)
— Manipulate u(t) to keep the output y(t) close to the reference r(t)

Goal: in both cases the control error e(t) = r(t) - y(t) should be minimal

~

Additional: High robustness to plant/process variations G(s) = G(s) + AG(s)
— e.g. certain phase margin ~60 deg (see next slide)

Feedback Loop: Delay Delay

t . I ! (t
r(t) ol )> Controller 4t )éur(t) :) Pre-Amp, =>»{ Cavity Ey'( ))i > v, (t)
|

Delay < n(t)
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do'e) Stability Criteria's (incomplete!)

rator School

A system is stable if for a given bounded input signal the output signal is bounded and

finite (BIBO stable); if not, the system is called unstable
Stable if impulse response absolutely

binS™ + by 18™ ...+ bys + b
integrable and bounded G(s) =

S+ ap_18" 1+ ...+ ays+ ag

o0 J This system has n poles and m zeros, and if
> g(t) > . ]g(t)| t<oo it is physically realizable we have n > m.
=—00

Pole location Impulse response

Stable or unstable linear systems foo o

(a) B k
L

— Open loop or closed loop -

— Unstable open loop: Stabilize closed loop system . e e
behavior using feedback controller S \/\M
Stability check in s-domain by e.g.:
— Pole location (all poles in left half plane) @ -

. |

Lo A ity

'

— Bode diagram N -

— Nyquist plot

(d)

x x
a¥
~Y

&
Understanding Digital Signal Processing (2nd Edition)

Mar 25, 2004by Richard G. Lyons

— H-infinity norm for MIMO systems

Non-linear systems = harmonic balance d :}//

(e) . *®

ay
-T

Ao A ¥ty

- Check stability for “Gang of four (six)” |, 1
S. Pfeiffer, CAS on FELs and ERLs, Hamburg, 07.06.2016 "

)
D
>

ay¥
C
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do'e) Stability Criteria's (incomplete!)

erator School

A system is stable if for a given bounded input signal the output signal is bounded and

finite (BIBO stable); if not, the system is called unstable

Stable if impulse response absolutely Bode diagram

w

integrable and bounded G}
50 0 dB Gain margin
—> | (at -180 deg.)
g(t) —> /t__oo lg(t)|dt < o0 : ey

Stable or unstable linear systems o

— Open loop or closed loop Phase margin

(at 0 dB)

. | A¢p < PM

Stability check in s-domain by e.g.: .
— Pole location (all poles in left half plane)

— Unstable open loop: Stabilize closed loop system
behavior using feedback controller

1]1“ .
— Bode diagram 1 I Nyquist plot
— Nyquist plot L GM |
— H-infinity norm for MIMO systems ‘ B _
Non-linear systems = harmonic balance 1T"'-.,, PM\ /(w) Re
\ Short: Do not
- Check stability for “Gang of four (six)” A encircle -1!
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8
(doe Gang of Four

d f') Serious Design 5.0
10 e - 1
r(t) et u(t) : y(t) .

‘?— C(s) G(s)
Ifl(f)

Response of y(t) to disturbance d(t) and

Log Magnituds

response of u(t) to measurement noise n(t):

G C 0.0 0.5 1.0 15 2.0

Gyd — m Gun - _m Frequency

2005 - "Respect the Unstable," IEEE Control Systems
Magazine, Vol. 23, No. 4, pp. 12-25, August 2003.

Oscillations at
high frequencies

Waterbed effect

Robustness to process variations:

1 GC
S=— d T=——-—
i+cc " 1+GC
S is called sentitivity function m
T is called complementary sentitivity function 3
Both depends on the loop transfer function L = GC 5 S
: > -
Coupling: S+ T =1 ADoK, =10
Typical: S(0) small, S(co) = 1; T(0) = 1, T(c0) small ol - S(s)forK_ = 100
—T{(s)for KF' =100
(Gang of six (6 TF to be checked) using reference filter) BT 10° ) o 0 10°
requency

S. Pfeiffer, CAS on FELs and ERLs, Hamburg, 07.06.2016



CA’) Types of Feedback Control

rator School

r(t) e(t)>

ult) [ gy |0,

C(s)

Classical FB Control
* Frequency domain analysis
— Bode Diagram, Nyquist Plot

PID-Control

B} = C(s) = Kp

u(t) = Kp (e(t) + Ti /t t e(r)dr + Tpé(t))

I

1 -
U(s) = Kp |:1+—+TDS E(s)
T[S i

> TDS

S. Pfeiffer, CAS on FELs and ERLs, Hamburg, 07.06.2016

Modern FB Control
* Time domain analysis
—> State space representation

z(t) = Ax(t) + Bu(t)
y(t) = Cz(t) + Du(t)

— Linear-quadratic regulator (LQR) etc.
u(t) = —K - x(t)
= H-infinity optimization by shaping
the sensitivity and complementary
sensitivity function

C'(z) G(z)




o0 5. Examples

rator School

 RF field feedback loop
 Microphonics suppression
e Disturbance rejection

S. Pfeiffer, CAS on FELs and ERLs, Hamburg, 07.06.2016
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do'e) Example: RF field Control @ FLASH

rator School

Radio Frequency Field ‘ Control Strateqgies

Pulsed operation - 10 Hz 1) Adaptation by Learning
2ms pulse length 2) Fast Controller (FPGA)
(Filling, Flattop and Decay) 3) Beam Loading Compensation

2400 Bunches @ 3MHz (FLASH),

Field 2700 Bunches @ 4.5MHz (XFEL)
eradient Filling Flat-Top : Decay
MV/m] [ = = -

10 Hz mode

TS -

Field +
phase
[deg]

-10 =+

] (, (J : _—
0.66 m 1.46 m 0.1 Time [s]

Model-Based Controller Design to reach:
AA/A <0.01% and A¢ < 0.01deg
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Magpnitude [dB]

Phase [deg,]

Example:

RF field Control @ FLASH

Vector
modulator
Master

oscillator / :
N 0

[~ —={b-i-¥Z “,I—"|

[Pfeiffer.2014]

Klystron
Waveguide

S e
1.3GHz ot / Cryemodule
i 8 Cavities
Y 13GHz
:;' : Freldprobe
12 = 13GHz E,.@
F
| Iterativ
Learning \
1 clock [
Control L‘-{ﬂ
\ fo |
e wr g
Feedforward fa J::‘l Calibration fa '|
Uppg (T il il
I \ [l [
Urrg Ueorr,) z
= Sepis
iy e lm Ya I [
> . MIMO = )
BLC o T Controller €Q \ = rg ‘
\%LRF control system \ J
—
G (Z) S N " &
HIFOOd Errorin 1 Correction in |
D
. 6000‘ Before Adaptation
20! E 4000 = After Adaptation
o =L 2000
=20+ ---- - &
20 h 0

—40;

200k
0

2005

400" "
100 10

10°

10°
Frequency [Hz]

160

-100—+ i -2000 :
160 660 1460 660 1460
Errorin Q Correction in Q
200 T 5000 T
u 0 S £
3 c g -
8 =200 o ‘ V
o g
{ s —5000f
“ 400 = ‘
=600 ; -10000— ;
160 660 1460 160 660 1460
E L Time in ps Time in s
S tiiu o) ) Vv s

Pulsed mode (10 Hz) @ 1% duty cycle

LLRF Controls:

e |terative Learning Control for pulse
to pulse FF adaptation

e MIMO FB for intra-pulse FB

System Identification

 Low frequency

 High frequency

7 /91t mode; —-25dB

20 .
= 8 /¢ Yo :
s 0 ... 8/91 mode; "."L]B\‘.. : i
=7 . i
5 20t — | .
E __1_“ . h‘b"‘:; o ; 2 o
¥ 60k e errmssens : AN N
= N
-80" : - i
= " —_— Y
m 3 r
& [|=—u %
g —5001""""Q 7Y
= _--LIQ —)\,Q
1000 1 "
2 4 ]
10 10 10"

Frequency [Hz]

Iterative Learning Control

*  Minimizing repetitive P2P errors
MIMO Controller (lIR filter)

e Notch for 87/9 mode at ADC

e MIMO suppresses 7m/9 mode
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CA’) Example: RF field Control @ FLASH

7 /91 mode; —25dB

e Additional cavity passband modes limits = 2
.. . . I, 0
FB gain if no suppression is done g |
e Variation of time delay = feedback the EA
. . S —60r
mode with different phases = e
e Using only proportional FB (lower left) — D’—L}M/
ap u —)y
. . - 1 Q
e Including notch 87/9 mode (lower right) = T, v 5
.--uQ%yQ
102/ 10* 10°
Frequency [Hz]
Amplitude stability 6, Amplitude stability 6
60 0.04
50 0.035
5 10.03
5o 40
~ 10.025
g
% 30 10.02
U =
H 20 10.015
0.01
10

0.005

0 0.5 1 15 2 0 05 1 15 2

Additional delay [us] * Additional delay [us] .



Microphonics and its Suppression

—
[=4]

—+
[Re]

112

0.7

Sls
i
B
£ 13
E: bid
|
A" b
I
il bo:
4
I
i I
| IS
il
1

microphonic oscillation

1
1
i
I
|
o s 1 1
A\t M - A » o+ A
rf AF rf rf 'Af

* From pulsed mode to CW: smaller cavity
bandwidth (Q,... 107)

* Microphonics dominate system performance
e Harmonic and stochastic microphonics

— Distribution along cavities or modules (phase advance)

— Mechanical response on the individual cavities

S. Pfeiffer, CAS on FELs and ERLs, Hamburg, 07.06.2016

Measurement @ FLASH (Q,... 3-10°)
- RF field control is active
—> Large variations in amplitude stability

0.04

* ACC1
" * ACC39
0.035f : * ACC23
> * * ACC45
s * *
* pe - T
= ¥
Io% L * e
o " E 4
© »3 L4
0 CE ] Hox
2 iy *g*
= L :2 i
2 b X% H
& 3 3
g 7
o) -y,
°©
2
£
< 0.01§
k]

0.005

9.3118 1.3118 1.3118 1.3118 1.3118 1.3118 1.3118 1.3118 1.3118 1.3118 1.3118
time [a.u.] x10°

... due to compacting machine @
XFEL injector (distance ~400m) ;¢
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Example: Microphonics Suppression

A. Neumann, Compensating Microphonics in SRF Cavities to Ensure
Beam Stability for Future Free-Electron-Lasers, PhD thesis, 2008

Helium pressure

Field strength variations: fluctuations -
Dynamic Lorentz forces 50 Hz/mbar F
and level variations/
_’
F
—-»>
F
“Random*-
broadband _
machinery
noise Deterministic,
narrow bandwidth
sources:

Vacuum pumps,
water cooling
pumps

Possible system response

of cavity-tank-tuner system
predicted by FEM simulations

Individual modes:
- ¢ . 2 ¢ 2 7
cha-t*.k (f) + sz:rn-.k‘ ) cha-v.k(f‘) + W‘m,k ) AL”Jr_‘.tw.k‘ — :I:k‘p.k‘2ﬁwm.kLPiezo(t)

. chav(t) - Z Awmz"k (IL)
wi M, k

] ¢ . :
s2 + 26w s + wi

Hk(‘w) —

Low pass: Total model:

H{:}(S) = &

+1
S. Pfeiffer, CAS on FELs and ERLs, Hamburg, 07.06.2016

TS

-0

Voltage
vit) Deformation Cavity deformation
Al transfers to detuning Af
TAVATAVAN
y
Compare Amplitude and Phase //\/\/\/\
of excitation and RF response
. AME)
Hypp(f,) == 2= Ae”
AV(f,)
50 :
— Saclay || ‘ ‘
45 mm—TF-model fit, | ]
0L ......................................... A
| y=1622.85
BB N
~N
§25 ............................................................ ]
<1
20

10F

Frequency (Hz)

H(s) = Ho(s) + kz_:l Hi.(s) | - Hactay(s)
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Example: Microphonics Suppression

 Feedback (LP + PI)
e Adaptive Feedforward

Am

=e[n
ADC

Cavity PLL

Microphonics
sources

Filter coefficient

Piezo

1
Transfer function

FIR BE D Gai
update Filter <l
| X[n]
|| Measurement Y(n) = Wiin—1)- X(n)
of reference W) = W (n = 1) 4 et e (m) K ()
VAR(X(n))
A : r"__-1'&«
LI R E TR G
LMS Filter algorithm —

—
[ =]
T

o

vm ,i|| _|||'1|||”"";.||4|

0
L

Detuning (Hz)

;I|| l
|'|MV bl

II|l I|| !

i

0 10 20 30 40 50 60 70 80
) Time (s)

90

S. Pfeiffer, CAS on FELs and ERLs, Hamburg, 07.06.2016

100

| Blue: open loop
Red: Pl control
Black: FF+PI control
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(Jeoe) Passive Microphonics Reduction

* Measurement at CMTB - DESY
 Try to decouple cavities from external noise

 Microphonics reduced using anti vibration
mat for vacuum pump

Detuning [Hz]

Courtesy of: Jlrgen Eschke

sources

Black: Pump on
Blue: Pump off
Red: Pump on/isolated

Courtesy of: Radoslaw Rybaniec App||ed feed baCk

4.3MV/m ANC Cavity 1
Q=g o e e e R B ERERERE .

3. ANC off STD=1.7Hz
] ANC on STD=0.2Hz

detuning [Hz]
(e»] —
L 1

e ”"”1 '“’|"

|

Blue: active noise cancellation (ANC) off / B B B B
Red: ANC on : fime [8]

S. Pfeiffer, CAS on FELs and ERLs, Hamburg, 07.06.2016 [Rybaniec.2016] 51



(A') Example: Disturbance rejection @ cERL (KEK)

Pl feedback loop (CW mode) and disturbance rejection loop

Reference:
F. Qiu et al., Phys. Rev. ST
Accel. Beams 18, 092801,

e Estimate the disturbance d using plant inverse and filter Q(s) 2015.
—> Disturbance Observer Based control (DOB)

FF

PS Ripple + Beam
+Yd

Cirl.

g %— PI(s)

PI ctrl + DOB ctrl.
3

;‘lrfin'aihonim

Cav

G, (s)

Inv.

G (5)0(s)

Beam loading as disturbance 1.6ms and 800 pA

Power-supply ripples rejection

Amp. [counts]

‘ | Pha. | ‘
300 Hz

10 20

time [ms]

30 40 I % 10 20 30 40
time [ms]

Mag. [dB]

1000 2000 3000 4000 5000 & 1000 200030002000 3000

freq [Hz]

\‘/Ji Beam profile

= ~5Hz

*-____\
~1.6 ms - :/: v_ ~ 800 pA

v

~ Beam-induced

—| % Amp |
. = ' =
E 3 : b
) [
g — PI =

Lo 10]0]4] m— e — PI+DOB
0 2 4 6 8
time [ms]

S. Pfeiffer, CAS on FELs and ERLs, Hamburg, 07.06.2016

‘ Pha.

freq [Hzl
The 300 Hz ripples is disappeared

This approach may also
be helpful for
microphonics reduction
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(A’) Outlook: Timing and Synchronization

rator School

Basic assumption for digital control: Clock is working exactly! Talk tomorrow: Timing and
. . . .. Synchronization, Marco
Reality: Clock is working up to some accuracy & precision ... BELLAVEGLIA (INFN-LNF)

The clock is synchronized to the MO. The clock is connected to all digital LLRF components!
* FPGA, ADC, DAC, etc.

Goal: Improve the clock (timing and synchronization system)

—> Use feedback control to enhance the behavior

Energy gain
—> By this you can keep the assumption of ideal clock! Energy spread
Electron beam = — Qavity [— =
Asinwt (A+ AA)- K- (A+AA)
sin(wt + Ag) sin(wt + Ag) ~ B
@—) Actuator Asin(wt + )
Master 1 i Y
; Amplifier
Oscillator AA, A p Sensor

LLRF Controller
(analog or digital)

S. Pfeiffer, CAS on FELs and ERLs, Hamburg, 07.06.2016 53
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Question???

Thank you for your attention!

Contact: sven.pfeiffer@desy.de

®
ﬁ HELMHOLTZ
| ASSOCIATION

The CERN Accelerator School
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00 1. Introduction/Motivation

erator School

Brief history of feedback control (human

designed)
* Automatic feedback control systems have been known and used |
for more than 2000 years (300 B.C. by a Greek mechanican) I i

— Water clock — slow tickle of water into measuring container

— Ensure at constant flowing rate = Float regulator similar to todays flush
toilet

— If water level in the supply tank not at correct level the float opens or closes
the water supply = 1%t feedback to keep supply tank at constant level

 Around 1681 Denis Papin’s invention of a safety valve for
regulation of steam pressure

* Inthe 17t century Cornelis Drebbel invented a purely
mechanical temperature control system

e 1745 speed control was applied to a windmill by Edmund Lee

 Nowadays control systems theory began in the latter half of the
19th century

— Started with stability criteria for a third order system based on the
coefficients of the differential equation

[Nise, Norman S. 2004, Control Systems Engineering, 4th Edition, Wiley, USA.]
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Digital vs. Analog Control

Digital Analogue
Implementation Learning curve + s/w effort Easier/known @
Latency Longer Short ©
I/Q sampling (also direct) or Ampli/phase , IF
DAQ/contreol bbL downconversion
Sophisticated. 1) Simple.
Algorithms State machines, exception Linear, time-invariant
handling... (ex: PID)
Multi-user Full ez Limited
Re";?;:“?s:?:: L4 Easy, often no additional M@. Difficult, extra h/w
Flexibility / : . b
reconfigy ||'1T:I'.- ility High (easier upgrades) @l Limited
; : ao | Drift (temperature..),
Drift/tolerance No drifts, repeatability (Z0) components tolerance
Transport distance @
without distortion Longer @ Short
Radiation sensitivity High Small ©
M. E. Angoletta "Digital LLRF™ EPAC 06
S. Pfeiffer, CAS on FELs and ERLs, Hamburg, 07.06.2016
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. ]
(doe RF detection

I =A-coso

1. Direct Amplitude and Phase Detection
| plitu | 0= A sind

- No down-conversion
— /]2 2
—> Analog or digital (up to 800MHz ADCs) A=+I?+Q

2. Baseband sampling (analog 1/Q detector) ¢ = atan2(Q, I)
3. Digital 1/Q sampling RF IF
4. IF Sampling (non-1/Q sampling)

LO

e 2.-4.is based on mixing a reference signal (LO) with the RF signal = RF signal
down-converted to an intermediate frequency and into base-band

e ARF .
fee = 1.3 GHz
1

Pl N\
f =54 MHz

()

S~

I
frr fRF

S. Pfeiffer, CAS on FELs and ERLs, Hamburg, 07.06.2016 59
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erator School

Baseband sampling

 Analog|/Q detector (direct conversion from RF to BB)

e Multiplication with LO

e LO split by hybrid = phase difference of 90 deg

h
..{ % ————»
ry

K
N

RF | LO |

Problem:

|/Q imbalance and offsets

- Phase dependent amplitude
measurement

S. Pfeiffer, CAS on FELs and ERLs, Hamburg, 07.06.2016

tan w

Q

Nk

+ (Q?

2 ADCs necessary for digitalization
—> Higher costs, more space,

reduced reliability
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Digital 1/Q sampling

Cavity
Probe
1.3GHz

Alternative to baseband sampling: only 1 ADC and switched LO (by 90 deg)
Output signal represents |, Q, -1, -Q

Field vector computed by 2 samples (I/Q value) and shifted by n - 90 deg
(n..0,1,2,3)

-hj . Problems:
| LrJrHLJ Nyquist frequency is f /4
IF 250ktz /. oo L LQL-Q.. Rectangular output signal
N\ - high bandwidth
switched 1%,'4{2 TLanfe needed (amplifier etc.)
LO Vector

1.3GHz Modulator

+250kHz ‘ I
Saal DAC
MO CLK
1.3GHz 1MHz

'V: I T v Im
i - Vo= V(t.,t)
:: '._- t? t - }':‘ "-_. ‘
Y o ¢ lus] Re
—--1 il - o V, = V(t,t,)
T Q T V.= V(E,t,)
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U:\’) IF Sampling (non-1/Q sampling)

rator School

RF signal mixed down to an intermediate frequency (IF)

Yrr(t) = Arp - sin(wrrt + Orr) yrr(t) = yrr(t) - yro(t)

yro(t) = Aro - cos(wrot + é¢r0)
\frr| = |frr — frO|

1 . , , .
yrr(t) = §ARFAL() - (sin[(wrpr —wro)t + (¢rr — ¢r0)] Lower sideband

+ sin[(wRF -1 wL())t -+ ((J;)RF -+ (f)L())]) Upper sideband

If LO and RF frequency equal = lower sideband at DC, upper sideband at 2 f,,
If phase is 0 deg between LO and RF = amplitude detector (in phase) |
If phase is 90 deg between LO and RF = phase detector (in quadrature) Q
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CA’) IF Sampling (non-1/Q sampling)

rator School

RF signal mixed down to an intermediate frequency (IF)
- sampled and mapped into base-band

1
yrr(t) = sArrALo - (sin[(wrr —wro)t + (¢rr — dr0)]  Lower sideband Low pass

2
+ sin[(wapderot=1ORT T Gr0))—Uppersideband  [I/tered

o M—-1
2

ADC sampling and field detection I Il = % > " slk o iM] cos((k + iM)Ap)
0

Cavity IE ﬁ o M-I
Probe . 2 ] A
1.3GHz \AE:C Qi = i Z slk + iM]sin((k + iM)Ap).
i k=0
e CLK

MO Synchronized
Signal =————{ LO and CLK
1.3GHz Generation

k
|/Q pair as amplitude and phase

information w.r.t. MO signal

\ =0 3 A
Step-window for |I/Q detection
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To'e Differential cavity equation

rator School

I(t) wy ... Cavity resonance frequency
@ ... Driving frequency

V() + @V( )+ W2V (t) = “’gf

Solution for input signal /(t) = Iy sin(wt)
(RF source) is given as cavity properties with
approximation for high Q cavities :

V(t) = Vsin(wt + 1(t))

Tuning angle
Y(t) = 2U(@), V(D))

Angle between

RLIO . tand A QQL% driving current
\/1 2QL ’ W and cavity voltage
As cavity properties with approximation for high Q cavities:
w N R; I,
tany = QL —_— —— V(Aw) =~
. i+ (2042
zZQLZ forwyg = w L w
Cavity detuning
Aw = wg— w K w Phase and Amplitude of cavity signal with

respect to the RF source
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The CERN Accele

rator Schoo

Differential cavity equation

Resonance curve for amplitude and phase in steady state (no transients)

)2

]
l‘-.)|:|

2 S ~
V1 v =rd,
I 7™
VAN o 1 <y
VAR
/l' | I\ -3 dB point
| |
I
_ : | : .
|
0)1_&'1! :“'—:
L
(1)0
Half cavity bandwidth
W _ 1
(1)1/2 = 20, =7 (<< (1))

With time constant T
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The high (carrier) frequency cavity model is not
of our interest for studying the cavity response
under feedback operation; we are interested at
the baseband model (envelope of HF signal)!
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Q0 Example: RF GUN Frequency Control @ FLASH

The CERN Accelerator School

e RF gun temperature disturbance rejection
e Normal conducting RF (NRF) cavity as heater @ FLASH

Same y-scaling for both panels

" PWM_GUN_FBxml TTF2RF/TESTLLRF.GUNTEMP/GU =

Operated in pulsed mode FLash print
1% recan s - Pulse Width Modulation B 55 rsoan [ Re Fa - cUN
oo an to keep cavity on resonance . s
SP Deita Temperature serriRis - 60.32 "¢ P Y 5.44% SP Delta Temperature SEEIREENS0 S0 ¢
Proposed: 0.130 Temp IRIS 60.73 C g 2 %31 PerDSed! 0.133 Temp IRIS 60.73 6
Temp IN 51.37 “c
max. Flattop change [us] . ‘A Al h TempIN 51.39 °c
vwewt 7ot % Factor > 3 improvement g max iy sl vavewt 2155 %
%
%

_ Valve V2 26.95 Va2 S
Mean Temp. Filter Size: | 300 f 5 alve .
| Mean Temp. Filter Size: 300—
I .
0. Relative temperature change based on LLRF signals in K
0.2

AT [K] AT [K]
Pk2pk ~ 0.1K Pk2pk ~ 0.03K

15:28 15:20 15:30 15:31 15:32 15:33
13.7.2015 13.7.2015 13.7.2015 13.7.2015 13.7.2015 13.7.2015

15:06 15:.07 15:08
13.7.2015 13.7.2015 13.7.2015
T —cw—

Ag [deg] A [deg]
. Pk2pk ~ 0.4° Pk2pk ~ 0.17°

15:02 15:03
13.7.2015 13.7.2015

15:27 15:28 15:29 15:30
13.7.2015 13.7.2015 13.7.2015

— —

15:31 15:32 15:33
13.7.2015 13.7.2015 13.7.2015 13.7.2015

15:04 15:05 15.06 15:07 15:01
13.7.2015 13.7.2015 13.7.2015 13.7.2015 13.7.2015

. tan y-f
Detuning: Y = ¢p — ¢ ; AT = ﬁ Extremely precise frequency control is essential for all
1 NRF cavities due to limited FB gain caused by high

Ker i :2L(1) I(()gé/K Resolution ~ 0.1 mK bandwidth (e.g. QL = 10000 -> f,,,= 65kHz) and
Q =10. relatively large system delay (~2 us)!

f, =1.3 GHz (Sub-mK)
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