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Voltage (MV)

BESSY VSR scheme: the neec
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Beating of voltage at BESSY VSR caused by 3 cavities

« BESSY-VSR relies on exact
—i=|  Synchronization
of three (S)RF cavity systems

——0.5GHz

| - « The scheme itself has its inherent
instabilities

M
U.

'« Any deviation in phase and amplitude
will disturb the scheme -
e.g. unwanted high current long bucket

bunch shortening -
increase loss of particles

time (ns)

VSR higher harmonic: Zero-crossing operation, with right tune highly unloaded
system - operation at high Q - Narrow bandwidth - Easily to disturb:

Microphonics
Dynamic Lorentz force detuning w
Highly mechanically resonant system

Let's demonstrate with a real example




Detuning influence to the cavity stability HZB......
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Example: Gun 1.0 cavity of bERLinPro: Bandwidth 23 Hz o "‘
¢ ‘Z.': ""l ‘V"g

p phase error

.30 I I I I I I -0.15! I I I |
0 0.02 0.04 0.06 0.08 0.1 0.12 0.14 0.16 0.18 0.2 0 0.05 0.1 0.15 0.2 0.25

time (s) time (s) .
w/o beam-loading

Bessy VSR frequency

sweep by the S e i Rkt Véav Af
deformation is Pforward = g (1 + f1_/2>
700KHz/mm : o 4 Power 4oL

* fip = zf_(SL = 15Hz %0_6 ﬂ

* 20nm > 45° L MM Ll Am M W] ___ Stabily paid by RF

Precise field control is power, is limited and
o eventually not good

required, e.g. below ] o
001 deg in phase, 0o 0.05 0.1 0.15 0.2 0.25 enOUg .

time (s)
1e-4 relative amplitude .
P How do we usually handle this?
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. / \\w How do we generally control this?

» [V
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How do we describe the cavity behavior?,

L L L L |
2 0.04 0.06 0.08 0.1 0.12 0.14 0.16 0.18 0.2

time (s)



HZB Helmholtz

Zentrum Berlin

Mechanical properties of the cavity

Piezo drives + Blade tuner Lorentz force and
mechanical vibrations
region of interest

Gun cavity amplitude responce
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Amplitude responce.

Phase Locked 0.008 | ” ‘l?m
LOOp 0.004 I II| [i ’ M, \
0.002
AQ dgtuning o
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Frequency, Hz

Fourier Analysis

100

Lock-in amplifier

N\ .

Awi (£) + 26w 1 Awy (t) + 02, hAwi (b)) =

+ky 2m i, ) Edec (1) WF WMW W ﬂ

Aw; (t) = ZAwm,k(t) N \f | “
K

-200

A
\ 4

Ph:
—_—

B. Gustavsen and A. Semlyen, "Rational approximation of frequency domain
responses by vector fitting", IEEE Trans. Power Delivery, vol. 14, no. 3

How control theory helps us to control cavity?

0 100 200 300 400 500 600 700 800
Frequency, Hz
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Modern control approaches Essence of control approaches
« Passive control: all kinds of mass damper, Adantive t
harmonic absorbers, shock absorbers \daplive to
« Isn’t robust to any change of system parameters disturbances Adaptive to

* Doesn’t have any energy expenses noise
» Classical PID regulator

+ Amplifiers all outer disturbances and system
intrinsic noises

* Requires additional energy pump
* Requires parameters adjustment if conditions are
varying
« Main tone cancellation
» Sort of adaptive technique
* Can adopt in the real-time
* Requires additional feedback regulator
* Not a feedforward approach

* Feedforward control: LQR + Kalman

Regulator salman
observer : Observer
* Allows optimal control: reaction speed vs energy
expenses

+ Based on the physical model of the system
* Doesn’t require full set of parameters and thus less

Sensors Robust to limited data about system!

* Feedforward approach allowing adjusting on the fly

How does Kalman Observer work?



What is a Kalman filter? Definiti HZB Helmholtz
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R. E. Kalman, “A new approach to linear

o : z z _ _ filtering and prediction problems”,
Rudolf Emll Kalman (1 930 - 20 1 6) Transactions of the ASME—Journal of Basic
Hungarian-born American electrical

Engineering, 82
engineer, mathematician and inventor

 1961-1972, the Apollo Project.

First trajectory estimator using
Kalman Filter

» Applications: NASA Space shuttles, Navy
submarines, unmanned aerospace vehicles

Actual value

3 '1oc.) 1‘20. i
. 80 140 -,
Noisy measurement % 160 -

180

Prediction
(Estimate)

200 °

220 .
CITTTTY




The Kalman gain: a closer look

Kalman Gain = K
Error in the Measurement = E;z4
Error in the Estimate = Ex¢r

Error in the Error in the
estimate measurement

1. Calculate the
Kalman gain

Egst
EgsT+EMEA

0<K<1

HZB Helmholtz

Zentrum Berlin

« Current Estimate = EST,

* Previous Estimate = EST;_,

* Measurement = MEA

 EST; = EST;_1 + K(MEA — EST;_;)

Measurements Kf

are accurate 0.9

A 0.8
0.7
0.6
0.5
04
0.3
v 0.2

Measurements 01
are inaccurate

Estimates
are unstable
+

v

Estimates
are stable
(small error)

° IfK = 0, ESTt - ESTt—l
+ IfK =1, EST, = K - MEA

10



The multi-dimension matrix model HZB Helmholtz
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Predicted state based on physical
model and previous state

Michael van Biezen. http://www.ilectureonline.com/

Initial state Previous state New state (predicted)
> ka =AXk_1+Buk+Wk
P, = AP AT + Qy

Update with new measurement
Output of

updated state

: and Kalman gain
Current becomes previous 8

Xp

= Y =CX +Z
P, = (I — KH)P, > e
Xy = Xp, + K |Y — HX,, |

Measurement input

« X - State matrix « K- Kalman Gain * Y —measurement of the
(Xe, X¢—1) R — Sensor noise state

P —Process covariance covariance matrix » A, B, C —adaptation
matrix (error in the (measurement error) matrixes

estimate)
11
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State-space model for several modes

Forced harmonic oscillations for the case of Lorentz force
Aw(t) + 2swAw(t) + w2Aw(t) = tk2rw?E2,

Transition to the state-space representation
Aw(t) = —2ewAw(t) — w2Aw(t) + k2rw?E2,

Matrix state-space representation
(Aw(t)) _ (_zgw _wZ) _ (Aw‘(t)) N (ianwz) g2
. - ACC
Aw(t) 1 0 Aw(t) 0
Discrete form of the state-space model

Aw(t) _ (—ZewAt —szt) , (A‘w) + (ikZmoZ) . g2
Aw(t) At 1 Aw 0 Acc
. A(‘ﬂt - Aw.t_l . Awt - Awt_l

= . A =
Aw A @ At

Sas=0 0-(%

Example of 2 mechanical modes

Aw,
Aw,
Aw,
Aw,

ZAw=(0 05 0 0,5)-

12



Cavity behavior model as the KF input

—

—» Klystron 4%
I
Coupling
> X =Ax+Bu
y=Cx+Du
B-matrix |
[P State Space
3 il 3
Cav.Input Cavity model
Parameter o t
iezo-tuner
- with mech. cavity
PID model
PID Piezo tuner
'— feedback [4— )
Q Setpoint
enable —  Vset

lfmodel

Display

A

Lorentz
force
detuning
2nd order

Display Amplitude/Phase

ﬂ‘1

| switch If |

L

‘7
Pretuning

I

2"d order Lorentz Force detuning
block describes up to 20 modes

Individual noisy detuning of each
mode generated
Cauvity field amplitude is generated

0.6

0.4

Detuning, Hz

-0.4

-0.6

-0.8

-

Detuning + white noise

Noisy_detuning

v

L

)

Band-Limited
White Noise

Noisy_amplitude
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|
0 0.5 1 1.5 2 25 3 3.5 4 4.5 5
time, sec %107

Lets test Kalman filter response under different input noises! 13



Noisy detuning, Hz

-0.05|

-0.15

KF response to 20 noisy eigenmodes

20 eigenmodes are detuned
Peak 10mHz difference — 0,04°

0.15

0.1r

0.05

-0.1 1

SNR=4,2dB

0

0.02 0.04 0.06 0.08 0.1
time, sec

0.12 0.14 0.16

o -
T T

Noisy detuning, Hz

'
=N
T

-3
0

0.02 0.04 0.06 0.08 0.1
time, sec

0.12 0.14 0.16
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Detuning, Hz
S o o o o o
[«] = N o N s o
T T T T ———

o
©
1

'
N
T

-1.2-

A4

—Nosy detuning
—Ideal noiseless detuning
——Detuning using Kalman

0.01

Noisy input (20 modes) NGiséless detuning

0.011

0.012 0.013 0.014 0.015

05 |
—Noisy detuning i"; } i
e T il
o il t it I8
N ,.‘! :l."‘
08 "‘m.:“!‘ l "l l 1
I I
09F .N‘ Wl‘;:-!d 1 ] mr"ﬂ’“‘ i
4k ik‘[\lll‘ l ” u“;.!!‘m!;" "r |
, l” W' M ”“u'” i | }'? Uﬂ ‘”
R . Mo i
Detuning using Kalman | {11k

-1.21 B

-1(.):.3014 0.0‘142 0.0‘144 0.0‘146 0.0‘148 0.015

time, sec

0.0152 14



KF reaction to 2 sources of uncerta

field and detuning

Both: Detuning and field amplitudes are extremely noisy!

Input: noisy detuning and amplitude
SNR=20,1dB

40

20

-20

-40

Detuning, Hz

-60

-80 |

-100

1207 2 s 4+ &5 s 7 8 8 1
Time, measurement unitis 31 ns « 108

Result:

« Peak 100mHz difference — 0,4°

 Guaranteed time for Kalman Filter to

become stable is 0,6sec

Kalman filter reaction to the input noise

5105

-2.692
-2.6921

-2.6922 4

-2.6923

Sum of detuning

26924 [ |

-2.6925

-2.6926 ! “

9 9.2 9.4 9.6 9.8 10 10.2
Time, measurement unit is 31 ns «10°

.- Kalman Gain stabilisation

Kalman Gain stable —
filter converge to the
actual behavior

Guarantied time to stabilize |
is = 0.6 sec ]

«108

HZB Helmholtz
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KF reaction to not fully described system state

System not fully described!

Input detuning

—— Maoisy input
— Filter responce

Ideal cavity behaviar | |

0 1 2 3 4 5 6

Time, measurement unit is

7 8 9 10
3 ns 108

Kalman gain stabilization

=108
.

—— Kalman freq. 1
— Kalman freq. 2
Kalman freq. 3 |
— Kalman freq. 4 7
—— Kalman freq. 5
— Kalman gain sum

2 3 4 5 5]
Time, measurement unit is

7 8 9 10
31ns w108

Detuning, Hz

Detuning, Hz

'
N

2

or

o

'
N

'
w

N

15 eigenmodes contribute to KF

—— Noisy input
— Filter responce

Ideal cavity behavior

1.54

1.56 1.58

16 1.62

1.64 1.66

Time, measurement unitis 31 ns

5 eigenmodes contribute to KF

1.68
%108

2
—— Noisy input
1 — Filter responce
Ideal cavity behavior
0
1 4
AN |
\ I (

-4 \ I‘
-5

|
-6 l
-7

1.85

16

1.65

17

Time, measurement unitis 31 ns
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Result;

Kalman filter is
able to work if the
system is not
fully described
Introduction of
new modes is
possible and will
be mitigated

The good system
identification is
required

16



Complexity of mTCA development

Iforward Clforward Itransmitted O~transmitted

]

AMW filter AMW filter AMW filter AMW filter
Input rate 9Msps Inputrate SMsps Inputrate 9Msps Input rate 9Msps

Output rate 588Ksps Output rate 588Ksps Output rate 588Ksps Output rate 588Ksps

Detuning/field calculation

Af = fo - tan(tan™*(Qqg, Ire) — tan™ *(Qay lew )

2.0

2
Eqcc = ’Q%R + 12,

A 4

FSM performing the following routine in a loop

Initial state Previous state New state (predicted)
Xkr1 ka = Akal Ar B'le + Wy
Pia Py, = AP AT + Qy

Update with new measurement
Output of

updated state
Xiq
%

Current becomes previous and Kalman gTaln .
X Pka Measurement input
p

K=—uwo2 =
P = (I = KH)Py, HP, ,HT + R Y = CXy + Z
Xie = X, + K[V = HX |

HZB Helmholtz
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e —

002 COBETCHMX COUHATMCTHYECHMK PECTNEAHH
rOCYIAPCTBENRUHE K(PMKTLT CCOP
0 JIENAK BIGGPETEAHA W OTKPRTHR
g e ——
AT T R—
Ha acEGEIGO: josMOMuumd, pesncrasterm | [pasraisersos COCT,
TovymaptiEeasem govarer O0CP e agasd naofperened K nrEITI

W4 EETORIGE BIECKDE CTMAETENROTED N AANIeTRHAC:
"Marpranos peTpoMoTEd LRT Tandrw

Apzop (voropey. Dopomeszo Cepra ATSRCodEeT

SusERTEAL

S Mo 4ESA15Y Thpnopares wodpers  Sesryara 1987
B s i
1 nomdpe 1986,

eACTINE dETODTROMD COMIETERRCIIS WCADE-
capamscrin na ew Tepppne Comm CCP-

e Pasies R T 2308

Complexities and developments:

* Floating point library developed

*  Matrix operations library developed

* Detuning and field calculation math

* Additional average moving window filters

FPGA firmware characteristics:

*  Maximum processing rate 500Msps
* Able to process up to 1000 eigenmodes

* Actual piezo drive frequency is limited by

300Hz at 6uF and 140Vpp 17



Testing hardware: cavity simulator + HZB Helmholtz
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sin((wgp — o)t + (Prr — Pro)) ) Lower sideband F;;=1,354-1,3GHz=54MHz

1
A = _A A . .
A (+Sin((mgp +wpo)t + (prr + @ro))/ 1% Nyquist image

Pir = Prr — PrLo

Digitizer
Downconverter SIS8300L2 AMC
DWC8VM1 RTM
/ \ Klo 125MHz 16-bit ADCs \
8 input channels of
attenuators/mixers ADC
RF IF Virtex 6 FPGA Re
Avere.lge
> LO Vel |:| V"\;‘i::;:\?v
- E Zone 3 connector St
o c
RO \\\\W - DAC ¥(t) = Icoswt + Qcoswt
s ee e se s ees i
| L TR L e e T Vector modulator Q
- 2 DAC: = —
e s | - ' - e ) o= atn(p)
A=317+@?
®< 20 MHz
A
Virtual Cavity
Parameters from controller
Field dependent Q
Divider :%‘?“C“
[ 1/16 ] —> NP A— D
& 80 MHz Q T,
g T
1.28 GHz
RL w1/2 m Iref 5
Axfye 'C?. Lfwa Qrer g —
20 MHz EJ R 1 =
fwdv cav 'no
IPAC 2018. “Developing Kalman Filter Based T ALEoIectricaI m0d°e 2
Detuning Control with a Digital SRF CW Cavity S v
. » 0mQmK I’+
Simulator QK _
IPAC 2017. “Detuning Compensation in SC ? ---—.wwaLL—Jw Microphonics
Cavities Using Kalman Filters” e from controller
Review of Scientific Instruments 89.

Mechanical model

“Superconducting radio-frequency virtual cavity for
control algorithms debugging”




CaV|ty detuning, Hz

Lessons learned HZB Helmholtz
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Ideal Kalman Filter reaction slightly The initial error settings have
differs from the data obtained from influence on the proximity of the

11 33 (1H Iy
mTCA HW real” produced curve to the “ideal
[ [ -1.34 K] Vo ¥
2.6902 aa53y _"El]fl[l | Noisy input
' i WA —Simulated ideal cavity, measurement error 1E-8
N -1-3464 - " ik ! KF responce, measurement error 1E-7
-2.6904 - ‘ ‘ ” i | ‘ ‘ ||L | ' T { ‘ T ---KF responce, measurement error 1E-6
\ | W | [ [..!;-i "!“'iihl' 1 _ g) -1.3465 - ‘ . KF responce, measurement error 1E-5
“ llll il ‘ Py : 'z y ---KF responce, measurement error 1E-4
2.6906 f |' 3 LN HEETH il
._i“ i ‘ | WT [ i 8 -1.3466 - il ;} Ul A 1l
| 1 1" l:'i‘:. > { L
26008 | f o [ S -1.3467-
LIJ-' I —Noisy measurement input 8
U —Simulated behavior of the ideal cavity ‘
-2.691 —HKalman filter responce by software model -1.3468 -
3400 3500 3600 3700 3800 3900 4000 4100 4200 4300 1000 2000 3000 4000 5000 6000 7000 8000 9000
Time, measurement unit is units x 7.98e-07 s Time, measurement unit is units x7.9800e-07 s

* Reaction with some deviation from ideal.
« Stands intrinsic hardware noises:
attenuators, downconverters,
not-scaled amplitude of field 19

Filter allows to find a sweet spot for the
appropriate observation error



KF response real-time examination HZB Helmholtz
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Input: cavity oscillation depends on 3 mechanical modes:
330, 460, 470 Hz

i Kalman responce decomposition by 3 modes - Kalman responce and detuning affected by sensor noise comparision
T T T T
—Kalman 1st mode responce
~——Kalman 2nd mode responce
500 - —Kalman 3rd mode responce 500 -
—Kalman summ responce
450 -
400 -
T =
G - 400 -
g g
€ 300 €
5 T 350
[m] [m]

N

o

(=
w
(=}
o

L ] 250 - —Calculated detuning

M ~Filter responce
: 200 :

1 1 1 1
0 50 100 150 200 250 300 350 0 50 100 150 200 250 300 350
Time, measurement unit x 37,66 ns Time, measurement unit x 37,66 ns

Mechanical modes contribution:
330 Hz — 20%:; 460 Hz — 40%, 470 Hz — 40%

Kalman filter response consist of 3 modes.
The tracking precision is within 0,1 %

20



Kalman filter response to the ra HZB Helmholtz
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-230

— Input detuning
—KF responce

240

e.g. Tmbar pressure change in
LHe system or non-synchronized
I Beam injection into BESSY I

-250

Detuning, Hz
N
[2]
o

-270

-280

290 - 1 1 1 1 |
0 0.005 0.01 0.015 0.02 0.025 0.03 0.035

Time, sec

0.03

Kalman filter reacts to the
stiff transition with 2us delay.
Keeps tracking within 2% of
error

Relative error, (KF-VC)/VC

-0.04 L L 1 1 L 1 - 21
0 0.005 0.01 0.015 0.02 0.025 0.03 0.035
Time, sec
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Future works:|

Kalman filter test in CMTB facility DESY. Planned for
December 2018 (thanks to Dr. Mathieu Omet and
Dr. Julien Branlard)

2. Close the control loop with a real cavity

3. HZB “in house” mTCA firmware portfolio development
related to the specific of our application

4. Transient beam loading control investigation by Kalman
Filter



Thank you for your attention!



