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FOFB system topology Ring:  2.3km, 789 BPMs, 560 fast correctors, @ﬂ

FOFB: 10% (5%, 3%) beam stability, DC to 1kHz

Latency optimized topology

Supply buildings N Paul P. Ewald Hall

. 1 central control unit (GLO o LOC links 5
( ) GLO to LOC link _-_u_‘% 3 x PXN

LOC to LOC links

*  Close to RF system / timing system

*  Short path from GLO to LOC in experimental halls
. 15 distributed local sections (LOC)

*  BPM collector

*  Transmitter to power supplies

. Optical fiber communication links

PETRAIV.

NEW DIMENSIONS

* Global to all local systems = classical regulation W
uss

*  Local to local system

*  Forlocal control scheme integrating experiments

*  Redundant system mode as future upgrade
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FOFB System Design



FOFB system: a cross-directional problem

A two dimensional control problem

 The goal is to maintain the beam position
throughout the ring - Spatial domain

* Over time - Temporal domain

© 111G (S)11 "1nG(S)1n
G(s) = : :
rmnG(S)mn

Tm1G(S)m1
cos(mQ — |@m(2) — en(2)|)

VBm (2)Bn(2)

with 7, = )

 All corrector channels should have identical
temporal response

G(s) =G(s)R —— C(s) =C(s)R*

2 step simulation
* Dynamical system at 1 location with all TFs

« Worst case scenario - best case for MIMO
« Spatial (MIMO) system with main dynamics
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Ty = 7ous, fD,Lead—Iag = 10000Hz, fc:,F’S

FO F B SySte m Pl controller: K, = 0.2 and K, = 8800

20

= 20000Hz and f = 5000Hz
c,BL

— Sensitivity S
10 | s C omplementary Sensitivity T

0

-10 |
» Subsystems based on

PETRA IV design

20T

Magnitude [dB]

30T
40

« Disturbance spectra e ' e o W
approximated with / Frequency [Hz]

Disturbance
(based on PIII)

measurement at Plll Orbit in vacuum
Y chamber
Plant: Magnet, vacuum chamber and ORM element »O >
« Pl controller optimized /] 4
for 1kHz disturbance |
rejection
Loop delay ~ 75us v,
«  Sensitivity function for Magnet Power Supply /7
disturbance rejection (PWM as noise) BPM
« Complementary S for > Pl controller (else)
reference tracking
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Institute for
Accelerator Science
PIV - FOFB SVStem and Electromagnetic

Fields (TEMF)

Finite-Element Simulation of Eddy-Current -

"{ﬁé‘y"“ TECHNISCHE

Effects in Orbit Corrector Magnets W AT

1]

Master‘s Thesis

Jan-Magnus Christmann

 Dynamic transfer functions

 [Fast corrector magnet
+ G =1/(R +sL) (~Hz BW)

* Lamination thickness (30kHz -

PETRA IV Conceptual Design Report

fractional order)

 Vacuum chamber (7kHz BW) JEB  Comclorvoe  ROC

Cu SS Cu

2 step procedure
1. Simulation for optimization

« Started as Master thesis, now PhD thesis
2. Validation on test bench

» Corrector magnet including VC (and quads)
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PIV - FOFB system

. : . BPM electronics l
 Dynamic transfer functions  Noise Model for DDC
1 digital down
» Fast corrector magnet * PS Quantization noise M TR éoﬁversion)
« G=1/(R +sL) (~Hz BW) » Pulse width modulation of the l
« Lamination thickness (30kHz - magnet power supply EPM deley| L0
fractional order) « BPM electronic / sensor noise v .
GBPM,nozse (3)
« Vacuum chamber (7kHz BW) oUT ADC noise 0.1um
« Magnet power supply Jhe I e *M
« Output filter (30kHz)
 BPM electronics L > @D youtymeas
 Delays L » @@ youtymeas_MA
« Processing delay e
« Signal propagation 10”E

« Noise measured at PIlI 1 o

——NMeasured orbit

 Adapted for PIV simulation

BPM noise as function of bunch pattern, ... ? Frequency [Hz]
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PIV - FOFB system

 Dynamic transfer functions

* Fast corrector magnet
+ G =1/(R +sL) (~Hz BW)

« Lamination thickness (30kHz -

fractional order)
« Vacuum chamber (7kHz BW)
« Magnet power supply
« Output filter (30kHz)
* BPM electronics

 Delays

* Processing delay
« Signal propagation

DESY. Recent progress in PETRA IV orbit feedback design,

* Noise

* PS Quantization noise

e Pulse width modulation of the
magnet power supply

« BPM electronic / sensor noise

 Disturbances

* |ncoherent: DC ... kHz

Start with PIII disturbance model to
check PIV system simulations
- Expect reduced distortions at PIV by

optimization of girder eigenfrequencies
DEELS WS 2024, S. Pfeiffer
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PIV - FOFB system

 Dynamic transfer functions * Noise
» Fast corrector magnet * PS Quantization noise
« G=1/(R +sL) (~Hz BW) » Pulse width modulation of the

« Lamination thickness (30kHz - magnet power supply
fractional order) « BPM electronic / sensor noise
« Vacuum chamber (7kHz BW) e Disturbances
« Magnet power supply
« Output filter (30kHz)

« BPM electronics

* Incoherent: DC ... kHz
« Spatial disturbances

« Coherent: <1Hz (ocean waves) _ MIMO simulation and
 Delays B o mode space analysis
» Transition: 1...10Hz (traffic noise)

» Processing delay _

« Signal propagation

« Communication (time between
sending and receiving)

DESY. Recent progress in PETRA IV orbit feedback design, DEELS WS 2024, S. Pfeiffer Page 9



SISO simulation



Disturbance to orhit

FOFB SyStem | L Db
N Expected
NE 10°10 Measured
5
E
« Disturbance spectra %
approximated with 0%
measurement at PlII T T T T
Frequency [Hz]
» Subsystems based on Integrated PSD
6 T T T T T T T T T T
PETRA IV design Factor 40 (32dB) strbaree
reduction by feedback; e°l el
Limited to FB controller ——=“ i
. and BPM noise g ]
» Pl controller optimized ol _
for 1kHz disturbance =AM v |
rejection 0 : e
10° 10 10? 103 104 10°
Frequency [Hz]
0 Integrated PSD
e 150nm measured —> Red: measured with BPM noise o R | A .
\Es Expec:ed
. . . = 0.15 Measured
*  132nm expected — Bjue: simulated without BPM noise = § <
= 0af
« 2 4...5% beam size 5
& osk Zoom iny
— 0.05
Waterbed effect increasing orbit jitter ~ —

(latency and dynamics dependent) S i
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Fractional order systems and
It’s modelling
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Fractional order systems and it’s modelling

m

Two potential system with fractional order characteristic

e SS vacuum chamber with CU transition
1. Yoke = next slides

Magnet simulation with nearby quads and vacuum chamber

2
2. SS vacuum chamber with symmetric CU transitions 0
[ ! o \ & 27
=2
o 4 -~ |=@—ITF_3MagnetsWithFlanges w/o lamination [
g Fractional Order Model
| .' i ‘é £ — — —Linear approximation {pole at 18kHz)
| ‘ = sl
B 90 mm G(s) = 33750/(s2+33750)
16 mm \ 10
N 12 o First order approximation
5 mm o o
Lo seems sufficient
N
S —————
A5
8 30f
Y
& 45
18
—@— FicldLag_3MagnetsWithFlanges wio lamination
60 e Fractional Order Model
— — —Linear approximation
‘ | 75
s \ | 10? 10! 102 10° 104
\ | Frequency (Hz)
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TEMF simulations

Yoke variations

« 1st prototype magnet with
PowerCore 1400 and 1mm
lamination

« 3kHz with -10deg.

« 2" prototype magnet with
PowerCore 1400 and 0.3mm
lamination

* 30kHz with -10deg.

-
m

1<
® X

=
-

Magnet simull.atiun with focus on yoke lamination and material selection

D. -—__‘_ — —r T
o —2 —
a8}
=2
o =4 F|—*— Iron, 0.5mm lamination sheets
-% —*— M12 Steel, 0.5mm laminaticn sheets
E' £ 1010 Steel, 0.5mm lamination sheets
E’ = PowerCore 1400, 0.3mm lamination sheets
= -A | |—*— PowerCore 1400, 0.5mm lamination sheeats
== PowerCore 1400, 1mm lamination sheets
_.-!ID i L s aal L i s a sl L L g el i asoa gl
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Frequency (Hz)
0@
10 F
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Fractional order characteristics

First order system

Magnitude [dB]

Phase [deq]

All subsystems in full simulation
approximated by first or higher order

Assumption: worst case scenario with
minimum phase margin in feedback

Frequency [Hz]

Ol &
b
4t
wil—= PowerCore1400_03mmlLam
-6 |= = =Llinear approximation
8 i ]
10" 10° 10° 104
Frequency [Hz)
(il =
-
201 b
A0 b
-60
-80 :
10" 10° 10° 104

Fractional order systems

... Is a dynamical system that can be -

modeled by a fractional differential
equation containing derivatives of
non-integer order (Wiki).

Y(S) o ZZzO bksﬁk

)= T = o, s
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Magnitude [dB]

Phase [deg]

Fractional order characteristics

First order fractional system

1

G(SO'44) —

0.0023 - s9-44 4 1

G(s%*) = 440/(s%**+440)

@  Fractional Order Model
[ | =i PowerCore1400_03mmLam
= = | inear approximation
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SISO Fractional Order System
Simulation



Fractional order characteristics 1. PI controller with linear system - 1St order modelling
2. PI controller with fractional order system - reality

Simulation 3. PI controller adapted with fractional order system

« Dominating pole as approximation of
the main plant characteristics (5kHz)

Lamination as linear approximation

° Feedback dEIay ~75us #@—P PID(s) [ m > 1;’(2”7;*130000)”1 _’J\\/
. Magnet |am|nat|0ns aS ‘ PIDT(yJFL;Jgt;oIIer Dominating plant Lamination TF Trgr;?;;rt

1. Linear approximation

Lamination as fractional order system with PID from linear approximation

2. Fractional order system i .
I =©—> PIDE) ¥ T7zs pf*lsoomsﬂ By Frac Tf(s) g \/ > -
* Pl Feedback controller —
P ‘ PID Controller Dominating plant Lamination Fractional Scope
_ _ _ ) ] Type 1 Transfer Fcn
1. Designed with linear approximation
2. Matched with fractional characteristics Lamination as fractional order system with retuned PID parameters
>©—> PID(s) |- m > Frac Tf(s) —PJ\ \/
PID Controller Dominating plant Lamination Fractional
‘ Type 2 Transfer Fcn
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Fractional order characteristics

Simulation

« Dominating pole as approximation of
the main plant characteristics (5kHz)

 Feedback delay ~75us

« Magnet laminations as

1. Linear approximation

2. Fractional order system

Pl Feedback controller

1. Designed with linear approximation
2. Matched with fractional characteristics

+10%
+50%

| gain
P gain

500Hz mismatch in closed loop.
BUT with adopted PID settings similar
reference tracking characteristic achieved.

1.2

63% SS

Step response
=
on
]

0.2
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97 us
fT,l = 2.1kHz
fr2 = 1.6kHz

T, = 1.152ms-1.075ms = 77us | 4
T5 = 1.172ms-1.075ms = 97us

Linear approximation
Fractional order system with PI1D

Fractional order system with adapted PID controller gains

1.2 1.3 1.4 1.5 1.6 1.7 1.8
Time (s)

1.9 2
%1073
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Fractional order characteristics

Linear vs fractional order system:
>1ms to reach convergence

Simulation 1.05 , . | T | T
« Adapted PID settings for faster 1.04 F .
reference tracking at the beginning 1oak i
(first 0.1ms)
1.02 7]

« Mismatch of the low frequency
tracking

Step response
|

=
{a]
7=

!

« Might not be relevant for disturbance

. 0.98 n
suppression feedback
0.97 - .
° i i inear approximation

BUT’ mlght be Of Impo_rtance f_or 0.96 I Fractional order system with PID _

Integration of phOtOn d|agn05t|CS ' | Fractional order system with adapted PID controller gains

using reference tracking - longer 0.95 — ' ' ' ' ' ' ' '
. . 1 1.2 1.4 1.6 1.8 P 2.2 2.4 2.6 2.8 3
settling time Time (s) 102
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Conclusion & Outlook

 Models (few) derived for (most) PIV systems Outlook

« Simulations of fast/slow corrector magnet, vacuum <« Next: Validation of first prototype corrector on
chamber by TEMF magnet test bench

MIMO simulations with disturbance models

« BPM noise characteristics measured at PETRA I

» Partly open for charge/bunch pattern/ ... variations » Coherence length, PSD, girder transfer characteristic...
« Disturbance spectra of PETRA Il for PIV .
simulations

« Fractional order modelling of laminations and effect
to feedback regulation with adapted PI settings

- Observed larger convergence time for reference ' ha
tracking n y O

DESY. Recent progress in PETRA IV orbit feedback design, DEELS WS 2024, S. Pfeiffer Page 20



Contact

DESY. Deutsches Sven Pfeiffer

Elektronen-Synchrotron DESY - MSK
sven.pfeiffer@desy.de

www.desy.de +49 40 8998 2744



