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* This lecture will give only a rough overview, it is incomplete by its nature
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What does LLRF stand for?
What is it about?
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e Low Level Radio Frequency
* The goal: control the amplitude and phase of electro-magnetic fields within
cavities

* Required at a wide range of facilities, from small test facilities to large scale
accelerators

* These fields can have high amplitudes and high frequencies

* Thus down-conversion to small amplitudes for detection is applied

e (and in some cases also a down-conversion to low frequencies, while preserving
amplitude and phase information, is applied)
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Superconducting and Normal
Conducting Cavities

* Frequency ranges
from MHz to tens
of GHz
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Modes of Operation

Pulse

A duration

e Pulsed mode
—

e Short Pulse mode (SP)
* Duty factor of e.g. 1%

e Long Pulse mode (LP)
e Duty factor of 10% to 50%

* Only a certain portion of time is useable |

for beam acceleration Repetition rate

Amplitude

> Time

e Continuous Wave (CW)
e Continuous RF field

e Duty factor of 100%
e Beam can be accelerated all the time

Amplitude

Time
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Most basic layout of an RF system @

* Open loop operation Cavity
e Controller creates drive signal
corresponding to a set point
 Signal is amplified ' /\

Signal is coupled into the cavity

Signal is coupled out of the cavity v

Signal is detected by the controller

Set point Monitor

Amplifier LLRF Controller
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Most basic layout of an RF system @

* Closed loop operation Cavity
e Controller creates drive signal
corresponding to a set point
 Signal is amplified ' /\

 Signal is coupled into the cavity

 Signal is coupled out of the cavity v

 Signal is detected by the controller

e Controller compares signal to the set
point and adjusts the drive signal |
accordingly ) il O)

Set point Monitor

Amplifier LLRF Controller
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Most basic layout of an RF system @

* Let’s take a look at the cavity first
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Cavity
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Set point

Monitor

Amplifier

LLRF

FB
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LLRF Controller
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Cavity modeling: @
RCL model

* Electric circuit
* Resistor R
* Inductor L I
* Capacitor C

* Forms a harmonic oscillator G) -
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Cavity modeling:
Quality factor in general

Resonance frequency Stored energy

~N

stored energy in cavity 21 folW

Q=2

S— —
dissipated energy per cycle Plics

T

Dissipated power
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Cavity modeling:
Unloaded quality factor
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* Assumes losses only due to surface resistance

Capacitance Square of amplitude of oscillating voltage
1
27T ECVE]Q .
Qo= =2 R wlh
T 1Vs Qo = woRC = —— =
/ 2 R LWU Pd@lgs
\ W= Loy
Time period of an RF cycle  Resistance 2
Pd’iss — 2%_
|
“0 = Vio
wo = 21f
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Cavity modeling:
External quality factor

* Accounts for external losses (e.g. via the power coupler)

stored energy in cavity woWW

Qemt = 27 . . . —
dissipated energy in external devices per cycle P,

\

Dissipated power in
all external devices
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Cavity modeling:
Loaded quality factor

e Accounts for all losses

stored energy in cavity woW

Qr =27 =

total energy loss per cvcle Py

Ptrjt — sz'ss + Pe:rt

1 1 1 In case of SC cavities Q, is several
— = —— + = orders of magnitude larger than Q...
QL QU Qe;rt Thus, Q is in the same order as Q.
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Cavity modeling; i ¢
Definition of the Loaded Quality Factor

e Add transition line — | w1

o Impedance Zext Ig@ ZeXtD L§ DR::C
like a parallel 1 1 1
resistor to R T, + 7
(characteristic L - Feat
impedance of a Oy = woRC = 11— @l
coaxial cable: 50 Q) Lwo Fiiss

e Both can be R 1 i

o — R/Q, depends only on w,, C, and L,

repIaCEd by the QU w0 wUC C which means it depends only on the
loaded shunt cavity geometry and not the surface
impedance RL resistance.
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Cavity modeling:
Definition of the Loaded Quality Factor
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* The shunt impedance R, depends on the dissipated power
* Includes factor % of the time average

b L VE VA,
188 9 R Rsh,

R=1Ry =150,

* Definition of normalized shunt impedance
I Rsh 2R

QO Qo Qo
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Cavity modeling:
Definition of the Loaded Quality Factor

* Coupling between B = i
cavity and Lot
transmission line L1, b
RL R Ze:rt
R
Ry = ——
1+ 73
o Ba 2R
Q" Qo Qo

0, - Qo Q, can be manipulated by
SR 3] changing the coupling 3

o, And with this the cavity
“2750 | bandwidth

\\Aathieu Omet, 10th of September 2021 LLRF
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Solutions for Changing the Coupling @ @

wwwwww

* Change input depth via N
movable input coupler st ) |

TTF —type coupler T Wil olj

antenna

cold part (coax @40mm, Z=70Q)
cold window (70K)

pttn /

* Change angle of plate of
waveguide reflector

)
7
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Pulsed Operation with Beam Loading

 Without beam

d_A Filling Flattop Decay
&
< f :
& : :
> i !
] i i
O : :
Time
A a
g
&
<
L
L.
Time
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e With beam
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= 30f Beaim transient time i
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LLRF
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Derivation of Filling and
Flattop Powers

X, Y
*Icav
TCRELIERIS
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lo+1p+ 11 = .00
jC_’_jR_’_jL — jcm:

LLRF

jC’ — C‘éat
Ip = RLLL;M
jL — %"cm
1
‘ cav —Vieaw = IC{M
T
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Derivation of Filling and
Flattop Powers

1

I/t-:a,v —I/cafu —I/ca-v — _[ca,v
H R;C i LC C

L  _ wo
RpC Qr
12
Lc — “o

. Wo o 5
I/{-?a,v + Q I/ca,v + Wp I/;m; — F[cav
j; S
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One particular solution can be found with
T iwt
[Ca-'tf = le

Veaw = vei(wH@)

@ is the angle between the generator current
and the resonator voltage

LLRF 23



Derivation of Filling and @
Flattop Powers
R j'z‘(wH—c;'))
Vpa,r — L
vV 1+ tan? ¢

with  tano = R(

1
wlL

i Gt

The particular solution is also called a stationary solution.
If the generator frequency w is very close to the

resonance frequency w,, the following approximation can
be done:

ey

. Rl
Viar(Aw) = L
\/1 + (2Q2

where Aw = wyp—w
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Derivation of Filling and @
Flattop Powers

The frequency dependency of the amplitude is known as the Lorentz curve

P ‘ N N
me__ CVo=R, %‘—EI) —————————————————
: y 3 dB point (=7
| = VY, PEES pomnt (=)
" N _3dB point
| | N pOln
o ) o
o
e L
|
Oy S ®l T
b 2
| >
®, ©

Bandwidth of the cavity is defined by the -3 dB point
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Derivation of Filling and
Flattop Powers

The general solution is:

—“ot : _ R, [ei(wt—0)
va = Vhom -+ Vpar = 2(3}5 (Olezcrt £+ Oze_mﬂj) + L1E

V1 4+ tan? ¢
since QL >>1 One can approximate: = Wy
f (. — _RLI
or Cp=Cy = 5
_t
VﬁH:V[} (1—8 T)

with Vo= Ryl ~2R 1, =20;1 T = 29 :

0= 2 ™~ 2ftLtg — g ltyg wo [~ 2],

I representé an AC current fb ~ 210

I, represents a DC current

(Ig (1 — e‘é) — Tyo cos( o) (1 — e_t_fﬂ))

Loy = 21, — 2140

LLRF 26




Derivation of Filling and @
Flattop Powers

dvﬂat.
dt

i@ (b (1=

d r
EéQL (Ig e R

—( We would like to have a constant voltage over the flattop

o)
-

-1|r1~

1 t znj
QQL( —€ T—Ibo e

_1
-

e T = Ibge T

9
Tinj
Ig = Ibgﬁ? T
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Beam transient time

35__' T T T T T T T T | T T T T | T T Ill | T T T T T T I__

Derivation of Filling and
Flattop Powers

300

25

20

- L b[} Ej EQL R
Q

Vﬂat. —

15F

Cavity voltage [MV]

—
<
LI B

s
Parameter Value C

Fi”ing time 923 IJ.S 0__ | | | 1 | | | | | | | ] 1 ] | ] ] ] ] | 1 1 1 1 | 1 1 |__
0.0000 0.0005 0.0010 0.0015 0.0020 0.0025
Beam current 5.8 mA _
Time [s]
Q 5.44E6
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Derivation of Filling and
Flattop Powers

1?“

P = QLIZ
10
VZ
Py = cav 5 Veaw = 31.5 MV/m - 1.038 m = 32.7 MV
Tinj"""
e (1- ) Qumsad
Tz'nj — 923 S

Pfﬂg 1s 190 kW

Priat =

12 " Orlo\ 2 o = 5.8 mA ¢p = 180°
Cov (1 + Q )
1501 Veav Pfiar is 190 kW
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Derivation of Filling and
Flattop Powers
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* One can stay at a single working point of the power amplifier throughout

the whole RF pulse
Priy is 190 kW Prqr 1s 190 kW

Beam transient time

35 A
For Amp
A Ref Amp
-l Cav Amp
251
S
= 20f
Q
g
= 151
S
10
5 —
0 1 | I i
0 0.5 1 15 2 2.5
Time [s] x10°3
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Non-linear behavior of a klystron (red curve)

12A

actual output

—_
o

7% power overhead

oo

40% power overhead

Output Power Po [MW]
\

no

w— 117kV

o

>

0 20 40 60 80 _ 100 120 140 160 180
Drive Power Pd [W]
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Derivation of Filling and
Flattop Powers
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* Set of equations for finding optimal parameters

The optimal coupling B

opt
5Q01o
Bopt = 1+ < cos(op)
I/C(I'U
Minimum power for maintaining the cavity voltage
p V2 1
Prin = ,.Boptf&
£Q0
Optimum tuning angle
.- %QL:opt Ib[] ) .-
tan(gopt) = — sin(oy)
I/CG',U

\\Aathieu Omet, 10th of September 2021

For superconducting cavities one can simplify

Q o I/cav
L?Opt T 1
af b0 COS( )
C,bo-pt — _Qb
V‘Z
cav |

Pfla.t,min — — I/ca'u [bO COS(@E})

QQL,opt

Example set of parameter

Veaw = 31.5 MV/m - 1.038 m = 32.7 NIV
Iyo = 5.8 mA
cos(qgp) =1
QL,o-pt = 5.44-10°
190 kW 31

Pflat,min



Detuned Cavity with Beam Loading @

In reality cavities are detuned by the tuning angle @. The sources are Lorentz force detuning and microphonics.

Vir !
Vi = =1 1+ it L o1, oI
cav = o o (¢ )( + itan(¢ ))éQL( g+ 20y)
1 r o T
Y ) | Ol = O g
1 1 1
Vi, = 51 & tan? (Q)(l + ttan(o ))QQLIbO = 5003( ¢)e ‘3522621,_&,0

\\Aathieu Omet, 10th of September 2021 LLRF
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Cavity Differential Equation @
Continues in Time

Differential equation for a driven LCR circuit

V(t) + %V@) WV =

wolty -

0L I(?)

%05 <K Wy The cavity is a weakly damped system

1
1Q7

~ Wo

Wres = Wy good approximation, since Wyres — WQ 1 —

Driving current |, and Fourier component |, of pulsed beam are harmonic with time dependence et

Therefore, we separate the fast RF oscillation from the real and imaginary parts of the field vector.

V(t) = (Vi(t) + iVi(t)) - e
I(t) = (I(t) + iL;(t)) - e

Insertion in equation above and omission of the second-order time derivatives of V yields...
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Cavity Differential Equation
Continues in Time
... the first-order differential equation for the envelope:

V, + wijp Ve + AwV; = Rpwyyo 1,
f/z' + wipVi — AwV, = Rpwipl;

with 72 = 50 cavity bandwidth
Aw = wg —w cavity detuning

In state space formalism

i Ve _ —W1/2 —Aw )
e\ Vi ) Aw  —wiyo

S

Rpw /o
)+ (™

o(t)=A-z(t) + B-u(t)

\Aathieu Omet, 10th of September 2021
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Cavity Differential Equation
Continuous and Discreate in Time

\\Aathieu Omet, 10th of September 2021

LLRF
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Cavity Simulator Live Demo @
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* Demo of single cavity
in pulsed operation

* E.g., let’s check the parameter set Cavity Simulator
we have derived earlier X g e

gz: NC - Fil::-ng:t:: m_.:[:s] 20
.{/Tc vy = 3 1 . 5 l\lv / m - 1 . 038 1 = 32 . 7 l\[v §’ 15 Flattop start time [us] 800

>° Flattop stop time [us] 1450

10 Filling power (kW] 200

Ib 0= 5 8 m A 5 Filing power (kW] e

0 . . 0 100 200 300 400 500

0 0.5 1 15 2 2.5 Flattop power [kW] 50

CcOs ( Qb) p— 1 » ™ 0T Fatop power (W]

0 25 50 75 100125150175200

For Pha | BLC power [kW] 0

[—RelPha
QLopt = D.44- 10° S T
Pflat,mm = 190 kW %

RF phase [deg] 0
Tz‘nj — 923 S :

Phase [deg.]

..............................

Beam settings

Beam on/off
Beam start time [us] | 900
Beam stop time [us] 1000
Beam current [mA] 5.4

Beam current [mA]

Beam phase [deg]

* Let’s see for what kind of
operation low and high Q, values
are interesting

\Aathieu Omet, 10th of September 2021 LLRF

36




\Center for

Applied

/| Superconducting
Accelerator

SRABEEER > 2 —

LLRF Systems
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Types of LLRF Systems S

* Analog
* Designed, optimized and built for a specific purpose
e Hard to modify
* Need extra hardware for e.g. data recording

* Digital
* More flexibility

* On how to design the system
* Always possible to add, change, tweak digital algorithms

* Modern algorithms can be realized
 Remotely maintainable to a large degree

\Aathieu Omet, 10th of September 2021 LLRF 38



Example of an Analog LLRF System

Industrial PC

<&

Monitoring and
Control

Applied

X\ Center for

/] Superconducting
Accelerator
SRABEEMEE L2 —

______ RS P

Probe
signal

o o -

' 1

i :

' -

: = - PID i :

: o ) - '

: R ation — 1adem '
R%' Matrix | :

! + Q -— %

; 2 @ « PID 8 '

| Pre zmplifier — _-—— :

I

: T " Single-ended Regulater and Differential toQ- + 4 :

I A

' to Differertisd fhakss Shilftec Feed-forward Regulster Single-ended :

‘ L

500 MHz
>
500 MKz
Frequency | 1000 MHz
s * doubler 10T \
5-cell cavity

—

Mathieu Omet, 10th of September 2021
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Anniversary
Since 1971
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Types of Digital LLRF Systems

e 19-inch modules (“Pizza box”)

* Individually developed and
built hardware

* Well optimized

Power supply
Resonance control
reserved

RF Station

RF Station

Precision Receiver

LCLS-Il prototype LLRF system at FNAL CMTS

\Aathieu Omet, 10th of September 2021

* Crate-based systems
e Of-the-shelf components

* Well optimized cards
available

* Highly modular

Vector Modulator (uVM) LLRF Controller (uTC)

Down Converter (uDWC) Digitizer (uUADC)

MTCA.4-based LLRF systems at European XFEL at DESY

LLRF

X\ Center for
Applied
)] Superconducting
Accelerator
SRBEEMES > 2 — e

* Mixed systems
e Best of both worlds

* 4 AL/
) P ‘*l\’,‘ U 7‘;’
e \ -

e R ra Prie

UTCA digital boards

B

b
i

Down converter

UTCA.O-based LLRF system at cERL at KEK
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System Architecture Example

e Distribution of data

Dat st R PC Remote PC * Monitoring
ata anu|S| |o.n emote Control system emote . Change settings
* Long time archive Software - Software D o
° ata acquisition
LAN
‘ LAN
Communication and
algorithms
Software on local CPU
. Signal acquisition Signal processing » Drive generation * -
From cavity * ADC Firmware on FPGA DAC To amplifier

e Digital filter

* Feedback

* Generation of digital drive signal

* Possibly other algorithms, calculations and functionalities

\\Aathieu Omet, 10th of September 2021 LLRF 41
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Signal Sampling
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Goal: Convert an Analog Signal into
a Digital Signal

digital
analog
M= <ADg= 1L
A
7F-"-"r=-A--r-A--r- - r-Aa--r-A
| | I 1 | | | | I 1 1
[ b o e (k)= (1)
Q I N T i A t=k-Tg
< S5F-ac- _'r"l"'_'l_'._'/:l'_'l_'r"l
> r | I | | | I [ ! |
= 4}-- N I IR DU BN N T
Q. I I I I I I I
S N N 7 I I Y
w | I 1 | | I 1 | | I 1 |
g R Y CARRRETEE LR R A b
I | I ; . | I | I | I |
l F-q4--r=A=-=Fr=-A-=-F=°A=-=-rFr=A-=F~-~~-=r-=17
I I I I I I I I v kTs I).T
| 1 [ ] | 1 [ ] | [ ] Zme
Ts 275 3T Ts (k-D)Ts  (k+1)Ts
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Representation in
Quadrature and In-phase

(Q uadrature orimaginary part)
-~ -~ o
-~
b‘
A"

] ‘\

! A

|

| ¢ Phase Y

| \
I ! \

| 1

_1I - \ |1—> 0 deg
1 " 4 i I
\ | - value !
\ /
\ +  (In-phase or real part)
4
\\ 7/
. /
~ 7/
~ P
~ s
-~ - _ -~

___ﬂ__ -
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[ = Acos(o)
Q = Asin(o)
A — \/]2 + 02

¢ = atan | —
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Down Conversion in Frequency e .-

* Nyquist-Shannon theorem: f; > 2fpr
* If this is fulfilled, a perfect reconstruction of frr is guarantied.

SRF(t) = App - Sill(Qﬂ' . fRF -t + QRF)
¢rrp = 0
SLO(t) — JALO g Sill(Qﬂ' . fLO -t + QLO)
44LO =1 QbLO =0
Sro.rp(t) =sin(2m - fro - t) - sin(27 - frp - t)
1
=3 (cos(2m - (fro — frr) - t) — cos(2m - (fro + frF) - 1))
1

Sip(t) = — cos(27 - 1
IF() 2(’0*3( T e 1) Mixer

* Preserves amplitude and phase information S« —»®<—

Example frequencies
fRF — 13 GHZ

fio = 1.31 GHz

RF: Radio frequency
LO: Local oscillator
IF: Intermediate frequency

fir = 10 MHz

SLO

\\Aathieu Omet, 10th of September 2021 >
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* |Q Sampling
* Under sampling & Over sampling
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|Q Sampling

fs —
frr(0) = Q
N
fIF(g) =/
fir(m) = —=Q
fre(o) = 1

I'\  [cos(Ady,)
Q) \sin(Ao,)

amplitude
A

'\\O

Jir
I AYaN
IAVAE
AN A e
T - > {
A, A\

RYARY




Undersampling and Oversampling @ ()

fs M - m = 4 corresponds to the IQ) sampling
frr L m < 2 corresponds to undersampling
Ad — 2 m > 2 to oversampling

m

(1) _ 1 (cos(nAQ+¢) —cos((n+1)A¢+Q))_(yIF,n+1)

Q) sin(A¢ + ¢) \ —sin(nA¢ + ¢)  sin((n + 1)A¢ + ¢) YIFn
Q m—1
A 2 2mn
= EZWOS’ (n)
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Applied

Undersampling and Oversampling @

e Advantages of undersampling
* Relaxed requirements for ADC due to lower sampling rate (possible cost reduction)
e Relaxed requirements for FPGA due to lower data rate (possible cost reduction)
* Possible to detect IF signals with higher frequency than the ADC sampling rate

e Advantages of oversampling
* More sample points per period
* Noise reduction due to averaging in the calculation of | and Q values

e Choice of IF location in the first Nyquist zone is more flexible (corresponding to e.g.
an available analog anti-aliasing low pass filter or to the ADC circuit optimization)
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Digital Signal Processing
and Implementation

\Aathieu Omet, 10th of September 2021 LLRF
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Vector Sum Control of 32 Cavities at
the European XFEL
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CM1 CM2 CM3 CM4
H BEAM mmip- =
; KLYSTRON g
LLRF MASTER ) LLRF SLAVE
|
I =l )
CM1 CM2 CM3 CM4
8 cavities 8 cavities 8 cavities 8 cavities
Pfwd 18 48 Pfwd| Pfwd 48 48 Pfwd
Pref Prb Prb Pref Pref Prb Prb Pref
MLO >
y v \ A |
?— DCM DCN
2| REFM +|_REFM
Q) _LOGN_ LOGM
MO 7> <~ 7> ,—|:|— <
8 vs1 vsz 8 vs34 S | VS3 & vs4 | 8
VS?
UTCA CTRL uTCA
PSM PSM
PZ16M PZ16M
LLRF MASTER LLRF SLAVE
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Vector Sum Control e .-
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* Drive multiple cavities with one power source

Vector Sum

Im VS

[Mv] Amplitude [deg] Phase
160 180.0

140
120
100 Read back value

80.0+
60.0+

Set Point

40.0

20.0+

0% T T T T T T T T 180.01— T T T T T T T T
0.0 260 460 ﬁJI[I 360 I 1250 I I 1800 0.0 ZJIIJ ‘ ﬁéll] I 1I]hl] I 14hll I 1800

77 AN RS -

— - 7 / A

!

|f B3 & &3

sotecrglfe e = ~ [Hg
1
HoH

(F ATy - - W e
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Field-Programmable Gate Array
(FPGA)

* Typically all time-critical digital signal processing is implemented on a FGPA

DIO

AMC(Advanced Mezzanine Card) ~ RF gate
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How to implement algorithms on a
FPGA

e Write down the requirements for the firmware

SRABEEER > 2 —

X\ Center for
Applied
Superconducting
/ Accelerator

* Make a flow chart and check signal widths

Example of Flowchart for a VHDL Algorithm for the FPGA

Calculation of squared amplitude Look up tables

e Create your code

F==Ff~~=~-==========-= \ Fommmmm————- =,
* Create a test bench for your code [ I Jiias
| REXS 36.0 12 S addr. ddzp;hf;n ’ i'
. . - 1 words 2%
e Test and debug your code within the test bench : NS e !
; in> R < 18.14
1 1 g : look uptable‘\b =
» Test and debug your code on the target hardware i VS | | !
1 12 1
(typically a test setup identical to the production S EEE TR L PP PP PR Y R EE T ' Correction
r=====-9 i D RSy B -
system) | 180 =

* Deploy the firmware on the production hardware

. &3 b
18, 18.0118.14 Tt © Lo S\@ ® |
controller — Y _ X in1 uH+—— DAC
18.0 r 18.0'18.l4 EA 18.14] out=int -in2 L
output Q75 il X)W H in2 wrx o Llimiter
o8 o
| - in1 out+|-I—/J_

1
1
1
1
out =in1 +in2 1
1
1
1
1

in2

* If the requirements have changed, revise them

and go through all previous steps ~ SmEmmSmsesessesssesssosssesesses
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Ways to Create VHDL Code e . @

e Write directly VHDL source code * Use e.g. MathWorks Simulink to create
* Absolute control over functionality VHDL code

* Allows optimization for different goals (e.g. * Allows quick prototyping

clock cycles, resources, etc.) * Good graphical representation of signal flow
* Needs good understanding e Less control
* Can take longer to get to the result e Creates VHDL code, which most times cannot

 lenis in s vEDL coment) be easily debugged by a human

—-- import std logic from the IEEE library
library IEEE;
use IEEE.std_ logic_1164.all:

—— this is the entity
entity name of entity is
port |
IN1 : in =std_logic:
INZ : in std logic:
OUT1: out std logic):
end entity namwe_ of_ entity;

—- here cowes the architecture
architecture name of architecture of nawe of entity is

—— Internal signals and components would be defined here

begin

OUTL1 <= IN1 and INZ;

,
L
O

end architecture name of architecture;

VHDL = VHSIC Hardware Description Language
VHSIC = Very High Speed Integrated Circuit
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Test the Code on a Test Bench

Name

b B o tb1T:0)
» B o o_tb[17:0)
p B2 i tb[17:0]
» B o i tb[17:0)
i.ix start_o_tb
" done_i_tb
1§ dk_o_tb
Mylininst
1 pick
B p_i_start
B o_iLil17:0]
B o_i_q[17:0)
B sig_p_o_data_a[17:0]
B sig_p_o_i_tmp[17:0]
B sig_p_o_q_tmp[17:0]
B p_o_i[17:0]
B8 p_o_q[i7:0]
1 sig_p_o_ena_a
s sig_p_i_wr_a
B¢ sig_p_o_ampsaqf5:0]
B sig_addr_offset{5:0]
B2 sig_p_i_addr_a[5:0]
ii'- sig_p_o_ena_b

Value

elofufulafafalatalafalafalslefelu]s]
000000000000000000
TIUUUUOOOooUooooUUg

i
0
0oo000000000000000
000000000000000000
o

00

. 400

= ({8

Do

00...3(00... )/00. D0...
0000000... ¥ D000000.... ¥

400

[CHBEEMmnERt 2 —

00...(00...(00... {00
000000000000001011

001
004

000000000 DODOODO00000 1
)0000.../{0000000... %/ 00000000. .

00..%D0... ¥00... 400}

B e

4 .. [£400 0

W00,

B §

T {11 8 s

L 113137377 K 1. 41113177

00...400...00... {00

00... ’ 000000D000Y. ..

00d

300... /DDD0DDO. . /000000

1000000000 000000000000 1

. 0000000

0000000...

000000000000001011

00d

D000.... ¥ 0000000... ¥00000000...

s e
#11010100... { 1... ¥ 0001010
.. % 00... ¥0000111... }1111100

1 A1 Y1 ¥11aaaL

_ /00___¥DDO0D00.... ¥ DD00D0.__

.

o
=

. }(00 _
100000 10 %

11 #11.. %11 %11 .

i

011111 100000

111110 011111

e
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FPGA-based Simulator

e QOperating cavities is expensive (e.g, cryo in case of SRF
cavities, high power amplifiers, etc.)

* Development and test also possibly with simulators

* Example implemented at KEK
e Klystron simulator based on two direct lookup tables

e (Cavity simulator based on the time discrete
cavity differential equation

e Test setup realized in a development rack
e Two UTCA cards (Xilinx Virtex 5 FX)

Kly. / cav. sim. output

- LLRF controller — 4000
- klystron / cavity simulator - 5 ;
* Feedforward (open loop) —> 3 2000 i
and feedback (closed loop) 7;1 |
operation modes worked < 0 i
0 2 4
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Controller Theory
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Transfer Function

* A Transfer Function is the ratio of the output of a system to the input of a LTI system.
* The X(s) and Y(s) are the Laplace-transform of the input/output signal, respectively.

e Key point: The transfer function H(s) includes information of a system (usually can be
seen as a representation of a given system). i.e. if we know the transfer function H(s) of
a specified system (assume initial states = 0), we can calculate the output Y(s) by input

X(s).
Laplace-transform

System (—» —
YE)
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* Formula of the Laplace-Transform

Time domain Impulse response, (time domain representation of a system)

l Laplace-transform H (S) = J-:: h (t) e 'dt

Complex.freq. @\’ Transfer function
domain

Inverse Laplace f (t) =L { F (S)} N F (S) .e%ds

transformation 27 | Is=a-ie

\\Aathieu Omet, 10th of September 2021 LLRF
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Laplace-Transform

—

Properties of the Laplace transform.

X Center for
Applied

Laplace transform pairs.*

Superconducting
Accelerator
SABEEMEE L2 —

TABLE 15.1 TABLE 15.2

Property fin Fis) fie) F(s)
Linearity a, () + a,fof) a,F,(s) + a,F,(s) 81 I
| !
. - = u‘_f} —
Scaling flat) p F (a) 5
Time shift fir — ajuit — a) e " F(s) g o !
Frequency shift e fir) Fis + a) S] Ta
: df - ! =
Time a sF(s) — f(0) g
differentiation .afi R n!
. I
d_{ s F(s) — sf(07) — f1(07) gt
f 1
3 3 2 - - —a
&f $*F(s) — S f(07) — sf"(07) e G+ a?
dt® —f"(07) al
. IHE—U!
a7 s"F(5) — s FI07) — 5" (07) (s + a)™’
dfn  ies — Fin—1}) []—
; | s @) sin ef > _i: >
s
Time integration [ fixddx —F(s) ; “
o . cosat > >
F tf () d F(s) e
requency —— )
differentiation s sin(wt + 0) ssinf + w cosh
£ - £+ o’
Frequency e Fis)ds scosfl — wsind
integration 5 cos{af + H) T e —
Time periodicit (1) = f(t + nT il e
ime periodicity f(n = ft + al) = e=gin wi : E;r _
+d)” o
Initial value £(0) lim sF(s) rrarTe
F—o0 —at Ft+a
] ) e~ cos wt _
Final value fle=) S]IIT‘IJ sF(s) 5 +a) +w
fﬂ.f} *f"_rl.rﬂ F|‘.3]F2{3]

Mathieu Omet, convolution

*Defined fort = 0 f(1) = 0, fore << 0.
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Hot to obtain a Transfer Function

(Example: RC circuit)

* TF is related to the differential equation
* The differential equation reads:
I(t)=C-duC (t):u(t)—uC (t)

dt R

Current on C Current on R

@5 u(t) -
|

(t)

—

Laplace Transform

then, duc (1) i () _u®) U, (07)=0
dt RC RC

f'(t) < sF(s)

Ug(s) _U(s) o Yels)

1
RC

then, sU. (s)+ = RC U (s)

\\Aathieu Omet, 10th of September 2021

R —
RC

/

Transfer function of RC circuit

Transfer function
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Example: RC circuit

* If we know the TF (assume initial state = 0),

X\ Cen
Applied

Supercon
/ Accelerator
SABEEMEE L2 —

ter for

ducting

in principle, we know the system output R
u.(t) according to the given input u(t) (unit 4
step). 1 : C
S f\)ut — (U~ (T
101 Ue(5) R Q )t (1)
U(s) o, 1 1(t)
l ~.RC B .
1
DA 1 i 1 {)= unit step
RC 1 RC Lt -t 1 u(
—||H(s)=—"=L"{H(s)j==e" (=RC) B
i S S+oc U(S)—% '
RC RO time
CS(S):LIU H (s)}dx
X N _t
_(Levax=|-er —1-e* (t>=0)
\ T x=0 N
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R

e Go back to the differential equation:

dug (1) uc(t) u(t) @ () L

-+ =
(1)
differential equation

dt RC RC
/ 11 u(®)= unit step

Input

—t

Ue (t)=1-e* (t>=0)

»
>

time

X(s)
— System —

Y(S) Usually, we also call the

parameter T time constant. T .
\ Mathieu Omet, 10th of September 2021 LLRH time 64

-t
U (t)=1-e* (t>=0)

»

Output

v
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Frequency response

X(s)
* It is @ measure of —>
magnitude and
phase of the output

. Freq. domai
as a function e

of frequenCY- I Fourier-transform
* From TF to transfer Time domain ~ h(t)=L"{H( .., =H(i0)=|H(jo)e" "
function: H(S)%H(Jw) l Laplace-transform
Complex freq.

domain

Transfer function
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Frequency response

* If we know H(jw), we also know H(j2r-f)
* And then A(f) & P( f)

=H (jo)=|H (jo)e" " =|H (j2rf )" "V

/

Amplitude vs. frequency Phase vs. frequency

* We can also plot A(f) & P(f), if we know their expressions

\\Aathieu Omet, 10th of September 2021 LLRF
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Frequency response (Bode plot) @

* Bode diagram: plots H(s)|_, =H(io)=|H(jo)le" """ =|H (j2z f )" "0*"
of the amplitude- |
frequency and g 20109 [H (127 1) Something like that...

phase-frequency

f
response of the }equen‘iy
system H(s).
y OH (j2rf) frequency
A

degree

We called these two plots “Bode plots™
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Bode diagram

1
. j2rf and U H(j2zf)=-arctan(27fr
* Bode diagram: plots (12t \/ : (1) (1271)= (2717)
. (2zf) +| =
of the amplitude- g
frequency and Here © =1 ms
phase-frequency g ¢
response of the Amplitude vs. frequency Sl T~ ]
system H(s). < | ?
e 2% 0_i2 0.4 0?6 0.i8 1
Frequency [kHz]
0
Phase vs. frequency % |
iy
1000 0.i2 0.‘4 0?6 0.i8 1

Frequency [kHz]
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Bode diagram

H (jirj =—arctan(lrj =—45
T T

The half power point is
that frequency at which
the output power (not
voltage) has dropped to
half of its mid-band value.

\\Aathieu Omet, 10th of September 2021
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How about some special case,
@ =1/t=1000 [rad/s]. =160 Hz

Frequency [kHz|

LLRF

m 0 ! _ !
= Aﬁ\3 . — BODE
“ | bandwidth o
Q | '
\:‘3 _1 0 L .................................................................................. ..........................
=
= 5
< 20 | i i i
<70 0.2 0.4 0.6 0.8 1
Frequency [kHz|
0 | T T |
3
1b] : :
=
“ : :
= 0. :
ot | 5 hih :
> : :
:
-100 i i i i
0 0.2 0.4 0.6 0.8 1
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Frequency response S -

SRABEEER > 2 —

 |f we know the X(s)
frequency response p. — H) — e Still 50 Hoy
' (steady state)
ey o
’ . . . . jD H(a))
let’s consider a H(s)..,, =H (o) =[H (jo)e’ ™

sinusoidal signal

E.g. a 50 Hz sinewave

If input :|cos(27z-50t),)/
Then output {|H (je)|cos (2750t +{1 H (jew)) | Steady state output

Still 50 Hz, but. .. \ N

Magnitude gain Phase shift
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Frequency response @

* We can S|m_ulate Special case, IEI ‘ — ‘—:I ol
this with using w =1/t =1000 [rad/s]. s+1e3 Scope
Matlab/Simulink /= w/2z=160 Hz costave  Transfer Fen

Ready |156% oded3

S8 LPRLLY AREE B A F

* The input is a
160 Hz 1
sinusoidal signal ‘H[jlj r

T

1

\/( l ) > ( 1 j > - \/E " "'-;II ....... i.ll:....__l;. - > .III:I_..__I:III. . ..... Ill:lll-.':l_illé ....... II:I.I.E.._:I.I ....... %I:||.IH:.'|:;J e .. I;I.-'n'-l:l .
= I __.:, .II;I. . . I .II . '||I I,' .I I;I,. . I R Ill; .. . ;II' . ..II;I
T T - .- .||I; .. .III,E. . .|I;I . ||' .,III.E. . .Ilil ...... II'.I. .. .I;III. o I'l,l. . ;.Ilg . 4'||; I .Iu' ...... I'ul

I T T T T T T T T . VL T

1.5 L
1] 0.005 0.m 0.0z 0.025 003 0035 0.04

JH (j 17) =—arctan (1) = —45°
T
Time offset. O

If input : cos (27 -160t), H(jo)| OH(jo)

\ Then output:\H (]a))‘ cos (27160t +[1 H (jo)) cos(2n-160t@j 71

>



Frequency response

e How about f =600 Hz ?

Frequency [kHz|

© o M0sges
: W-TEAZ

M

=, :

T~ —BODE
= : : 5

< ; ¥ OEME :

;:“3 11 84 ................ .............. -
& | |

S -20 ' ' ' '

= 0 0.2 0.4 0.6 0.8 1

H(j2r f)[deg.]

L
S
o

Frequency [kHz]

If input: cos(2m - 600t),

(jo)
1
\ Then output: |H(jw)| cos(Zn 600t + ziH(]a))) cos <2n - 600t

02 04 06 08 1

S Center for
Applied
Superconducting
7/ Accelerator
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Cos Wave Transfer Fen

lRead}r 156% oded5

B LLL ARBRE B AR

' ""|:| 0oos 0o 0os 002 0025 003

Titme offzet: 0

E ‘ — 1,5
s+1ed Scope

0.035 0.04
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Example of cavity

* Bode diagram
(Plots of the
amplitude-
frequency and
phase-
frequency
response of
the system)

Z(
1
— | R Ls
sC
0 .
g_lo_. ]
¥ _
= =20+ : .
On-resonance
1-%89.99 1299‘.995 13b0 1300|.005 1300.01
Frequency [MHz]
100
— i o R
<, Z(jo)=—2
: 0
g ot +af+ | Lo
o Q
-}989.99 129§.995 13|00 1306.005 1300.01

Frequency [MHz]

S Center for
Applied
Superconducting
7/ Accelerator
[SRBEEMmER > 2 —

S Ray,

5) = C _ Q
o 1 2 |2, @ 2
S“+——s+a@ [P+ -Ls+af

E.Q. @, =27 f,=27(1.3x10°)[rad /5]

Q=1.3x10°

Bode Plot
* Magnitude vs. frequency
e Phase vs. frequency
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Bode plot (SC vs. NC) Q/ ()

Ex. 1 Bode Plot (SC) Ex. 2 Bode Plot (NC)
v Uy = L2 2 Lrad/s] We can clearly see that the Sy = Led e 2 [l
o =4 dd bandwidth is related to the Q c 0y =
« BW; =100 [HZz] value « BW, =186 [kHz]
~ Or | | BW, = 100 [#7] —Ex. 1 l
= s _
& — i
2 L OF et i BWy = 186 [KHZ] oo S
1299.6 12§9.8 1300 1300.2 1300.4
Frequency [MHz]
1] [ —

o0
=
= 0 Q,=7000
fay]
-
[

_]1%%9.6 129|9.8 1300 1300 2 1300.4
Frequency [MHz|

Resonance frequency of a cavity (1.3 GHz) ‘\
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Transfer function of a FB system @

ISREEEnER > 2 —

 Let us go back to the basic control system, now let’s review it in the
viewpoint of the transfer functions.

Referen+ce EB Referen+ce
Controller Plant K(s) > P@)
Sensor F(s)
Basic control system TF representation
LLRF system

K(s): Controller. generally, a proportional & integral (PI) controller
* P(s): Plant you want to control

e F(s): Detector (sensor), to measured the response of the plant
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Block diagram transformations

* How to calculate the
transfer function of
the whole system, if
we know the transfer
function of each
subsystem?

\\Aathieu Omet, 10th of September 2021

" ( ) ------------ Serial e v ( )
— G, (s)—{Gi(s) —
________ Parallel
X(s) ()
> Gl (S) :\‘ / >
"Gy (S)
___________ Feedback
T :C)_ > Gl (S) >
X (S) v Y (s)
7]
e - 4G, (s)
Minus ™

LLRF

S Center for
Applied
Superconducting
Accelerator

ISREEEnER > 2 —
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X(s) T KOPO
* How to calibrate ‘ < logp >

the transfer F(s)
function from
X(S) to Y(S)? Forward gain=P(s)K(s)
T POKe)
< Logp
F(s)

_ forward gain
.(s) 1+open loop gain

X(s)
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Mason’s rule

* To go a little bit R(s) +

D(s)
further. In some ?— KE) ’nf\_ ¢+’$—'P(S) >Y(S)

cases, to calculate N(s) §
the transfer ) —=
function is not so *
easy, for example O Q(s) [ M(s) [+
(too many loops):
F(s) [+
_Y(s) _ _N(s) _ _R(s) _
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—»?—» K(s)

>Y(s)

+

%Q(S)— M(s) [

Mason's Gain Rule:

M = transfer function or gain of the system
M; = gain of one forward path

j = an integer representing the forward paths in the system
ZM.A. B i ) |
- I A; =1 —the loops remaining after removing path ;. If none
M = A remain, then A; = 1.

A =1-X loop gains + £ nontouching loop gains taken two at a

time - £ nontouching loop gains taken three at a time + X
nontouching loop gains taken four at a time - - - -
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With FB vs. w/o FB

* In the following let’s
find an answer to
the question: “Why
de we need
feedback?”

* We will do so by
evaluating the
transfer functions

\\Aathieu Omet, 10th of September 2021

Ref

FB

FB

% Controller

_______.>

Plant

X\ Center for
Applied
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w/o FB

FF
Controller

Sensor

|

K(s) - P(s)

Y(s)

F(s)

<«+«—Sensor

Plant

Y(s)

<+—F(9)

LLRF

80



Disturbance Rejection @ @

* In the real case, Y(s) - Y(s)

disturbances RS SR Sl maliCl »{P(s) >
exists in the

system (not only
LLRF system, but How to evaluate

almost al of the the influence of l
disturbances?
control system),

Y Y
so the actual e il Ha{P(s) 9

. RO D | K(S) - P(S) >
system Is B
something like: | —p

F(s) <+«—F(9)

\\Aathieu Omet, 10th of September 2021 LLRF 81
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Disturbance Rejection e

SRABEEER > 2 —

e Obviously, the
existence of the

* Y(s) * Y(s)
disturbance (or FET» K(s) »L P(s) > il »L P(s) >

D(s): disturbance D(s): disturbance

perturbation) will
influence the

. F(s) - F(s)
system, but is it
same for FB and FF? l ‘
_ WithFB w/o FB
P(s) Y() Y(s)
50 |1+ F (5)P(s)K ()| o 100) g
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Disturbance Rejection

D(s): disturbance D(s): disturbance
* Let’s give each + KO>$—>GP 1000 - >¥+GP -
R(s) - s+1000 s+1000
component (H(s))
some meaning FB w/o FB
1 - 1
P(s) Y(s) Y(s)
D(s) 1+F(S)P(3)K(5)_> l l v P(s)
1000G, L Y(s) 1000G,
Hy,, = Y(s) __ s+1000 Y D(s) s+1000
D(s) 4, 1000K,G;
$+1000
- 1000G,
s+(1000+1000K,G, )
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Disturbance Rejection

e

e Furthermore, R(S)  A-

if GP =1, then
FB

D(s): disturbance

>£—>
K, G 1000

Y(s)

>

" $+1000

1

!

1000

H =
-y (8) s +(1000+1000K,)

L

Considering the H(jw) H

1000

ooy () = 5 000+ 1000K,

\\Aathieu Omet, 10th of September 2021

LLRF

D(s): disturbance

-

FF o 1000 | ')
® 5+1000 |
w/o FB
- 1 A
o (s)—Y(S) 1000
7 D(s)  s+1000
: 1000
Haoy (1) = j+1000
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Disturbance Rejection

FB

©

w/o FB

* The best way is to
compare their

1000

=— F{
joo+(1000+1000K, )

Hd—>y ( Ja))

1000

o (10)= j+1000

frequency response or

Let’s find out the
0 Hz in the plot

L 1o
14K, K,

bode plot?

Hd—>y(j°0)

=1

* Bode diagram: plots of

10—

[—FF

the amplitude-
frequency and phase-
frequency response of
the system H(s).

1y D
‘ﬁ_ by [ e

Y ifthercisastz NI
disturbance

*”m3€m???500j{Z §;ﬁ

| -=-FB (KP-10) | -
_.-..FB (KP;I) »

10° 10°
Frequency [Hz]
LLRF

\\Aathieu Omet, 10th of September 2021

How about 500 Hz
disturbances?
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Power convertor ripples in RF system @"S‘k"é&?gzﬁw

Master Oscillator

ISREEEnER > 2 —

Low level RF (sensor & controller)

Low level RF

Ao

That d(f)=sin(2z-300t)

LLRF feedback.

will be suppressed by Feedback A

system

>

d(t)=sin(27-300t)

//\ /\/\/ 50-60 Hz

<

High energy beam

Plant: P(s) |

\\Aathieu Omet, 10th of September 2021

( HV Power '
Converter
AC

RF to Beam Energy

Low energy beam
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 Stability is most important for a feedback system. If the system is not stable,
there is no meaning for any efforts.

* The Stability Criteria for a feedback system includes

e Root locus
Stability criteria \

Close loop-based

plot & Nyquist
h-Hurwitz P L Churciersic caunon | [RERTRNS
stability criterion

Solve the characteristic equation
:
riterion \
All of them are important, but... Root locus

* Open loop bode
Routh—Hurwitz e
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Stability Criteria (poles position) @ €&

* Definition: A stable system is a dynamic system with a bounded response to
a bounded input.

t Y(s)
x(‘_) bounded input - H (S) >
X(s)

Stable

[

time

[

time

We can not try all of the bounded input signal

Hs) numerator b, s™ + b,,_1s™ 1+ b, _,s™ %+ .-b;s+ b,
s) = =

denominator s+ a,_1s" 1+ a,_,s"?%+ a5+ a
\ ' Characteristic equation
\ Mathieu Omet, 10th of September 2021 LLRF 88




Stability Criteria (poles position) e

JH(s) S

X(s)

Hs) numerator b, S™ + by,_1S™ 1+ b, _,s™ 7% + - b;s + by
S) = =
denominator s"+a,_s"1+a,_,s"?%+-a;5+aq

CK(s = 2)(s = 2) (5 — 2_1)(s —(z)

- (s ;@1)(5 —p2) (s —pp_1)(s — pﬁ\

op ~© Poles \ H(s),_, =0

H(s) yzeros

A necessary and sufficient condition for a feedback system to
be stable 1s that all the poles of the system transfer function

\ have negative real parts. 89

Complex number




ISREEEnER > 2 —

Example

* The system H (s)

should be stable H(s)= s*LS 5-(-15)
should be stable — H(8)= G 6sva [s ()] [s-(1-1)][5- (2]
poles is in the have Three poles: —1+i, -2
negative real part. One zeros: —1.5

* The system G(s) G(s)= s+15 s—(-1.5)
should be unstable $°—2s+4 |s—(1+i)|-[s-(1-i)][s-(-2)]
because some poles positive real part
have positive real Three poles: (+i —2
part.

One zeros:—1.5
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Example (pole-zero map)

1 5 Pole-Zero Map
T T

T S w %

H (s): stable

1
o
tn

seconds"!

g Real
G (s): unstable poles

Imaginary &xig [
&P
P

15—

Unstable: right half plane
poles (RHP poles)
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No RHP poles
N H(s) sola<l 0N 0as .

N

st '1 . 5 . E : 1 :
3442 i | Gotwo infinite
rasTrosta " T (unstable) '/

Step

G(s)

s+1.5
s3+-2s+4
Ny

Has RHP poles
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Stability Criteria (bode plot) @

* It is easy to solve the linear

equation, but can not answer Y(s)
questions like “if l increase the gain  ——»&—{K(s) —P(s) >
. R(s) A-

in K(s), what would happen? The FB
system is still stable or not? If not,

why it becomes unstable? ”. F(s) 5533

* Furthermore, in some system, the

characteristic equation is not like a NOT like H, (<) b s"+h. 5™ +h 5" 21 bstb
polynomial, thus it is difficult find dely

m-2

s"+a_,s""+a 8" +--as+a,
out the poles directly (such as
system with time delay).
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Stability Criteria (bode plot) e . @

H(s)|, =H (io)=|H(jw)e" "0 =|H (j2rf)[e" "0

e Still remember the

bode plot? It is a N Feedback
P—{G (S) > G (S)

very popular X () NP e ' — . L -,
method to judge the A (s) 1+G,(s)G,(s)
system stability and ./ G, (s) Y(s)  G(s) forward gain
also ana|yze the Minus ™ ' X(s) 1+G, ()G, (s ) 1+ open loop gain
system performance  20l0g,[H (j2ef)
by its open loop TF. 4B —\_\ \

IMPORTANT:

jZﬂf

open loop TF

A
degree \ f
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Stability Criteria (bode plot) e .-

,20logy [H (j27 f ) H () =G, (s)-Gy(s)

e Suitable for
bode plot:
1) Minimum
phase,

2) SISO
system.

X
X
v

- /

4 R

o J

Non-minimum phase

\\Aathieu Omet, 10th of September 2021

dB wUnstable
(Hﬁ):S&EﬁE\\\\\\\\‘; H(j-27fg)>1

\\'\ frequency=

N

G(j-27f) <1|

. JH (j27Z' f ) frequency:

| fie0

The closed loop is stable, if the open loop gain is less than 1 (0 dB) at

a phase of the open loop of -180 degree (or +180, -540, etc.).

LLRF
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Gain Margin and Phase Margin @

, 20log,o[H (j27 1)

G(S)I Stable |H (J 27 f180)| <1
0dB frequency

dB

\Qn margin f ]
degree 4 U H (127[ f ) frequency
éfcross f180 f ]

Phase margin ' 180 de

___________ - =180 deg

Gain Margin: |0-20l0g,,|G(j-27 f,)|

Larger margin— Better robustness

Phase Margin [180+£G(J-27 fy)
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Ho (s)=

* Benefits of Nyquist diagram
* More information .
T
* Non-minimum IDimum phase Bode
phase okay o ° : Nyquist

 MIMO also okay ° T
- /
I:)cl = I:)ol -N,

P, = number of the close loop RHP poles

Center for

Supercondu

Stability Criteria (Nyquist diagram) e

0.9(1+0.4s)(1+2.55)

cting ‘
Accelerator
SABEEMmEE L2 — : _

(s®+s+1)(1+1.3s)(1.25 1)

Im{H,, (jo)|

Nyquist

%\/\ \(diagram

P, = number of the open loop RHP poles
N =times to encircle the (—1+0i)

Clockwise:-1
Anti-clockwise:+1

\\Aathieu Omet, 10th of September 2021 LLRF
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LLRF system

Plant: Cavities, power source,

Controller: Electrical control
RF Gun, antenna,...

phase shifter or attenuator,
FPGA

Target: Stabilize
the field inside
the cavity

- Controller > A

<
|
I Cavity

Sensor: Phase detector,
amplitude discriminator,
or FPGA

|

Sensor
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e Cavity is like a
parallel resonance
circuit.

* First of all, we
consider the
simplest case: no

Cross cpmponent H(j2rf) “ If detuning=0
(detuning=0) \
baseband \ )
0 [
@
P — 0.5
base (S) S+ 0)0.5

\\Aathieu Omet, 10th of September 2021 LLRF 99



X\ Center for
Applied
Superconducting
/ Accelerator
SABEEMEE L2 —

PI Controller

* P| control is very (Y }ﬁ'e(t) HEAL
popular in the FB T a—
: ’ | ‘ : J.x
™~ 1/s

control system
': X y(t) =Kp 'e(t)+ Kp - K, 'Ie(t)dt Lapalce Transform

(& LLRF FB
F
Usually performed in ‘ _[ f(t)dt < @

control system)
E(s
the FPGA (or DSP) Y (s)=K,-E(s)+K, K, - i )

Pl controller

' UTCA Digital Board |

Y
K (S) = LS) =K, |1+ ﬁ Transfer function
S
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Analytical Study (components) Q. ©

Sys. Components Transfer function

* Pl control is very
popular in the FB Pl
Controller
control system (&
LLRF FB control

system)

* Cavity and Cavity P(s) T st f(;
detector are a =
low-pass filters Half bandwidth
with different
bandwidth. Detector = F(s)- S O

+ W

Frequency response
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Further Types of Feedback Controller

e Classic feedback controller

e P: proportional controller output P Ket)
scales with the input error ) 2 et ; v

I sl Bk
* |:integral controller minimizes the - ' +
steady state error left from the
proportional controller correction

* D: differential controller tries to
minimize rapid error changes

7 /91t mode; -25dB

* Modern feedback controller — o N

* E.g. 2x2 MIMO (multiple input Reference % 2(s) Bals) 0b
multiple output) controller (can do PID - KP(”—j -’[pﬂ(s) pﬂ(s)J

-80 1 1
and more) | ST — e ——
* Cancellation of a passband mode —u oy,

-500f "~ "Ya

-60F

Magnitude [dB]

@y

* Cancellation of cross coupling between [ ¢l ———
inputs - BT 10’ 10

Frequency [Hz]
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Example Features of an LLRF System
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Interlock

* Every facility typically has a Personal Protection System (PPS) and most
facilities have a Machine Protection System (MPS)

* Since the LLRF system is a sub-system of a facility, it must have interlock
capabilities

* Typically hardwired in hardware or firmware
* E.g., logical ‘and’ just before the DAC

Interlock signal —’\ Digital drive signal ————_ Analog drive signal
AND » DAC o
Digital drive signal —>/
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Applied

Exception Prevention and Handling @

* The LLRF system should prevent certain exceptions

* Limiters
* Maximal setpoint voltage
* Maximal drive signal amplitude
* Etc.

* The LLRF system should also include a certain degree of exception handling

* Algorithms for monitoring or computing parameters and for reacting accordingly
e Turn off RF drive in case of klystron trip
* Quench detection
* Etc.
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Operation Close to the Quench Limit @

SRABEEER > 2 —

"-'A 40 . H
5 ) * Quench detection is a
ol Quench limit £ common feature of
S | .\ LLRF systems
-— 1 1 z
SU :(Beam on ! 3% S * If dr.ops b.elc.)w a
1 T T I > % 200 400 600 800 1000 1200 1400 1600 prEdEflned ||m|t’ the
I | ime I Time [u sec] . .
,G_J* ' filing . - drive is turned off
I 1 I 3l ' ' ' ' ' g .
S : WWMMW * Should create interlock
o flattop | for the beam
E decay | * RF is turned back on
e > | uench me® manually or by an
' automation algorithm

200 400 600 800 1000 1200 1400
pulse number
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Passband Modes of 9-cell Cavities

Suppression of Unwanted Passband
Modes

CH1 Spy  10g MAG 20 dB/ REF -80 dB 4: -90.736 dB

A = ua 274 Jae 34a ond]
ITERNRERE N - e -1
Sl W W E Y R B B £, =1299.260 MHz

« " 4 : 5 QTC _8 T 8/91 *

WIW WAV AVASA & IN 2 it f,0,= 1296.861 MHz

- 21 —g—TC 4t Sl %TC \' T
. —-‘-f.ﬁ%»w 9 | v I‘ f .= 1293.345 MHz
9 | _

cell 1 cell 2 cell 8 cell 9 1 £or— 1289.022 MHz

[ ! ‘ f,,= 1284.409 MHz

g — %g — 3 oo g - %g - § | § ‘ 1 £, —1280.206 MHz

~ garer wimy f,,.= 1276.435 MHz

> ¥ > 7 w_« w_ ¥ f,,,= 1274.387 MHz
coupling coupling

1271 MHz 1301 MHz

Chirooa@

* Implement filter (e.g. Notch filter at ADC) in order = r=——="

to suppress frequency of the 8i/9-mode L Z
S A0 _gopl i i roim oW

6

Frequency [Hz] 10 10" 10° 10

Frequency [Hz]
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* Detuning lowers the amplitude / requires more power to
reach the same amplitude

 Detuning induces change of phase Frequency shiftduc to

Lorentz forces: -394 Hz

* The sources are Lorentz force detuning and microphonics

O A

\Y : 2)
\_— 1ncreased
mput power

Frequency shift due to
Lorentz forces: -875 Hz \v

b)

— >
0, (t;) Ogp=0y(l) ®
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Detuning Compensation

* Motor tuner
e Slow
* Pre-tune cavity

 Compensation of
static detuning

* Piezo tuner
e Fast

* Compensation of
dynamic detuning
(E.g. Lorentz force
detuning, etc.)

* Piezo control is
typically part of the
LLRF system

drive frequency (Hz)

>

Piezo drive pulse |

delay time

¥
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Benchmarking the System

Performance
* RF stability (VS)

* Intra train
* |Inter train

* Long term drifts

* Must be better
than requirements
for (beam)
operation

il = T RS \ T T ]
19.995 s
0 045%
g ,
£ _ 19.990 ) .
> £
S )
5 10 + 5 10985 * ( ‘l
° 3 ]
£ S
&)
9080 | ' Beam transient ' 1 3
&k ' ‘ | | | 4
[ (\(;() ) 7(’)()‘ . 800 900 1000 1 ].(Ni 1200 .
Time [ps]
L L 1 1 1 1 L 1 i 1 L 1 L L
0 500 1000 1500 2000 2500 3000
Time [us]
KEK STF: Q, = 2E7
T T T T
25F E
== T Cavity 1
_ 20:_ * Cavity 2 7
§ Vector Sum
> J
E ) Yl 1
i<} .
= NG
(5} ~
=1
g 10r . ]
o cam trapgient .y ‘Beam transient .- jiBeam transient
- 'l\.‘\ J
LA
. 40.28% 1
0 [ 1 1 AL n - 1 n o n 1
0 1000 1500 2000
Time [ps]

KEK STF: Q (o1 =
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ANnIVersary
Since 1971

Print |
intra intra intra Intra-pulse stability (blue: dAJ/A, red: dP’
ALH = || ARt e || AzL e a P Yl )
dAA 0.0101 % dA/A 0.0168 % dA/A 0.0064 %
0.0022 0.0457 0.0010 0016
dP 0.0094 deg || dP 0.0177 deg || 0P 0.0049 ded | oqa
0.0113 0.2474 0.0015 i
intra intra intra
A3L2 o || Ad4L2 e || AsL2 e 0.01 "
dA/A 0.0074 % dA/A 0.0063 % dAA [0.0067 % L T ° o T e
nne. -] 9 o %o v 3 B o o soog
0.0016 0.0008 0.0007 06— % ¥ % T 3 g o0
dP 0.0065 deg || dP 0.0050 deg || dP 0.0059 deg 004
0.0019 0.0018 0.0015 0.002
intra intra intra o T T T U T U T U T U
AG.L3 p2p |[AT-L3 p2p [ A8L3 p2p 0.0 25 50 7.5 125 175 225 275
dA/A 0.0081 % dA/A 0.0057 % dA/A 0.0075 % tm]
0.0017 0.0027 0.0025 Pulse to pulse stability (blue: dA/A, red: dP)
dP 0.0054 deg || dP 0.0059 deg || dP 0.0055 deg 0.02
0.0014 0.0081 0.0016
intra intra intra 0.016
ASL3 e |[At0.L3 s ([ A11.L3 2 | o014
dA/A 0.0076 % dA/A 0.0070 % dA/A 0.0074 % 0.012
0.0010 0.0030 0.0016 a0
dP 00070 deg || dP (0.0059 deg || dP 0.0053 deg | oo
0.0012 0.0020 0.0009 u:::
intra intra intra T
AM213 e || a13.L3 i | WA P e | D.004 ~Red. e =5
¥ > &
dA 10,0064 % dAA 0.0062 % dMA 0.0076 % L e PO L S e Yy e e
0.0021 0.0009 0.0013 o LI R AR R A RS R RN AR
4P 00067 dea || dp 00081 deg || P 00085 deg 0.0 25 50 75 125 175 22.5 zi‘;*n?
0.0028 0.0015 0.0022
intra intra intra intra intra intra
A15.L3 e || A16.L3 el | WA TAK] e A18.L3 e |[At9.03 e || A20.L3 o
dA/A 0.0084 % dA/A 0.0059 % dA/A 0.0062 % dA/A 0.0060 % dA/A 0.0086 % dA/A 0.0057 %
0.0015 0.0010 0.0013 0.0019 0.0024 0.0014
dP 0.0071 deg || dP D.0064 deg || dP D.0056 deg dP 00061 deg || dP 0.0093 deg | dP 0.0058 deg
0.0020 0.0012 0.0015 0.0026 0.0021 0.0023
intra intra intra intra intra intra
A21.13 e || A22.L3 woe || A23.L3 s A24.13 e || A25.03 woe || A26.L3 e
dA/A 0.0051 % dA/A 0.0061 % dA/A 0.0064 % dA/A 0.0049 % dA/A D.0058 % dA/A 00000 %
0.0017 0.0021 0.0011 0.0011 0.0011 0.0000
dP 0.0056 deg || dP D.0062 deg || dP D.0064 deg dP 00063 deg || dP D.0064 deg | dP D.0000 deg
0.0030 0.0028 0.0034 0.0028 0.0023 0.0000
European XFEL: overview of VS stabilities,
H . 0,
requirements: AA/A <0.01%, AD < 0.01 deg.
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 What you should learn about, when are planning to get involved with LLRF
* Your facility
* What are the requirements? (e.g. for short time and long-time stability, etc.)
* How to integrate the LLRF system (e.g. interlock, communication, etc.)
Theory
* Cavity
* RF
e Signal processing
e Controller
Analog hardware
Digital hardware
* Firmware
Software

* E.g. communication, computations, automation, data analysis, data storage, data
visualization, user interface, etc.
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Thank you very much for
your attention! Questions?
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