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SIRIUS’s FOFB OvVERVIEW

m 4t generation light source located in Brazil

m Storage ring circumference of 518.4 m and 3 GeV
electron beam with currently 100 mA (350 mA
nominal)

m Fast Orbit Feedback System (FOFB) currently
employs 78 Fast Correctors (156 coils) and 80
BPMs (160 BPM readings)

m Orbit disturbance attenuation from 0.1 Hz to 1 kHz
m Update rate of 48 kHz
m In operation for users since 2022

m See article published in ICALEPCS 2023 [1] for
technical details

m Objective: build a realistic computational model
for the FOFB




CoNTROL LoorP MODEL - BAsIC STRUCTURE
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Figure 2: Control loop basic structure




CoNTROL LoorP MODEL - PLANT
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Figure 3: Plant




CoNTROL LoorP MODEL - PLANT

Plant G(z)

Constructed as

Ai(z) - 00
G@=prln| o Af(z) :
0 - 0 H(z

where M is the measured Orbit Response Matrix, 7 is the dispersion column, A;(z) is the
model for the i-th corrector and H (z) models the phase to orbit transfer function. The
general format for H(z) may be found in [2].




CoNTROL Loor MODEL - CONTROLLER

r m e . U . Y @ Yd PR B
) C(z) G(2) ¢ ) W.(2)
Ym
(D
&/
T Wa(2)

Figure 4: Controller




CoNTROL Loor MODEL - CONTROLLER

Controller C'(z)

Basic integral controller, given by

C(2) = F(2) (KI Loz ) M,

z—1

where F'(z) is an optional shaping filter, T is the sample period, M. is a correction matrix
(obtained from the pseudoinverse of the Orbit Response Matrix M) and K7 is a gain matrix,
currently defined as

0.120 --- 0
Kr = 3 K :
0 -+-0.166




CoNTROL LoorP MODEL - WEIGHTING MATRICES
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Figure 5: Weighting matrices




SYSTEM IDENTIFICATION - EXPERIMENTS

Actuators’ discrepancies motivated
system identification experiments

m PRBS derived excitation signals

m Period of N = 27 — 1 = 127 steps and
each applied step is composed of d = 3
equal applied samples

m 524 periods collected at a 48 kHz -0
sampling rate and averaged to an
equivalent sequence of a period with
Nd = 381 samples o

m Applied to correctors and measured at Frequency [H21 o Freauency el
BPMs (zero gain applied to controller)

Magnitude [dB]

Z14] — Reference response

Figure 6: Frequency response of a subset of
correctors [1].




SYSTEM IDENTIFICATION - ESTIMATED MODELS

m Plant system obtained with fits from

experimental data n(k)

m Follows basic structure of [3]

m AutoRegressive with eXogenous inputs ”(L B(=) o 4y(>’f)
(ARX) models

th R
m 6" degree polynomials and delay of 2 Figure 7: ARX basic structure
samples
m Reported fits above 90%
m Builds a system A;(z) for the i-th

corrector. In our case, 1 <17 < 156




MoDEL EVALUATION

m Excited system’s input with
PRBS derived signals
(parameters N and d)

Tl Yk

Figure 8: Input and output signals z; and yy, at sample
k € A, where A is an indexing set with Nd elements.




MoDEL EVALUATION

m Excited system’s input with
PRBS derived signals
(parameters N and d)

m Sequence of matrices obtained
from system response and
excitation signal

E; Sk

Figure 9: Building matrices £, and Sy.




MoDEL EVALUATION

m Excited system’s input with
PRBS derived signals
(parameters N and d)

m Sequence of matrices obtained
from system response and
excitation signal

m DFT of the projection to inputs
and outputs of the obtained Ax X AxY,
matrices g ‘

Figure 10: "FFT Cubes" obtained from joining the DFTs of
input and output signals as columns.




MoDEL EVALUATION

m Excited system’s input with
PRBS derived signals
(parameters N and d)

m Sequence of matrices obtained
from system response and

excitation signal

m DFT of the projection to inputs el Y, x+
. k = k k
and outputs of the obtained
matrices Figure 11: Computation of matrix G evaluated at

frequency sample k




MoDEL EVALUATION

m Excited each corrector with
PRBS derived signals
(parameters N and d)

m Sequence of matrices obtained
from system response and
excitation signal

m DFT of the projection to inputs G, _ UG% ZG;@ 52
and outputs of the obtained
matrices Figure 12: SVD of G,

m Multiplication by the
pseudoinverse and subsequent
SVD from the resulting product




MobDEL EVALUATION - OPEN LooP

m Excited system’s input with
PRBS derived signals
(parameters IV and d) 150

m Sequence of matrices obtained
from system response and
excitation signal

Singular Values (dB)

m DFT of the projection to inputs
and outputs of the obtained
matrices

m Multiplication by the * 10°
Frequency (Hz)
pseudoinverse and subsequent

SVD from the resulting product

Figure 13: Open Loop singular values
m Allows one to identify singular

values in frequency




MoDEL EVALUATION - SENSITIVITY (SISO)

m Essentially the same process as described

m Only one corrector and one BPM in the ol Vekso
system I

m System excitation at BPM readings of

m Input signal with an amplitude of
5000 nm

m General agreement between model
prediction and experimental data )

Singular Values (dB)

Sigma (MATLAB)

m Crescent peak around 10 kHz is a Bianmen
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Figure 14: SISO singular values - horizontal




MoDEL EVALUATION - SENSITIVITY (SISO)

m Essentially the same process as in the
MIMO case
Singular Values

m Only one corrector and one BPM in the s N
system oF \

&

m System excitation at BPM readings

m Input signal with an amplitude of
5000 nm

m General agreement between model |
prediction and experimental data Sooimonal

25 .
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m Crescent peak around 10 kHz is a Frequeney (H2)
consequence of the chosen d value
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Figure 15: SISO singular values - vertical




MoDEL EVALUATION - SENSITIVITY (MIMO)

m Simulated MIMO sensitivity using the model described

m Comparison between real model (unmatched correctors) and ideal (matched correctors)

Singular Values

Singular Values (dB)

Unmatched correctors | |
Matched correctors

10° 10* 10? 10° 10* 10°
Frequency (Hz)

Figure 16: Simulated sensitivity for the obtained model.
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CONCLUSION

m The proposed model allows a realistic analysis of SIRIUS’s Fast Orbit Feedback by, for
example, capturing discrepancies between fast correctors

m Noise and disturbance inputs allow us to analyze sensitivity and noise rejection for a
given configuration

m Robustness considerations could be made by studying gain increases of the model

m An easy-to-use evaluation technique for the model was implemented

m Future work might be concentrated towards a better understanding of the interaction
with LLRF loop and optimization tests with shaping filters
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