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Fast Orbit Feedback (FOFB) in the Diamond-II Storage Ring
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Diamond-II Upgrade requires Enhanced FOFB Performance

1. Major Changes:
• New MBA lattice → smaller beam
• New beamlines → higher frequency resolution
• New insertion devices with upstream &

downstream BPMs

2. Increased Stability Requirements:
Parameter Diamond Diamond-II

Beam size H/V 123 µm
3.5 µm

30 µm
4 µm

Rel. stability 10 % at 100 Hz 3 % at 1 kHz
Abs. stability H/V 12 µm

0.35 µm
0.9 µm
0.12 µm

3. Enhanced FOFB Specs:
Parameter Diamond Diamond-II
Closed-loop BW 140 Hz ≥ 1 kHz
Number of BPMs 173 252
Number of correctors 172 252 slow

144 fast
Sample frequency 10 kHz 100 kHz

Additional fast correctors require re-development of
FOFB control methodology:
3 Kempf et al., “Control of Multi-Array Cross-Directional Systems us-
ing the Generalised Singular Value Decomposition” Automatica, 2025.

3 Kempf et al., “Fast Orbit Feedback for Diamond-II” Proc. IBIC’23,
2023.

à M. G. Abbott et al., “Diamond-II technical design report,” Aug. 2022.
à L. T. Stant et al., “Diamond-II electron beam position monitor development,” IBIC 2022.
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Synchrotron Motion Disturbance

1. Introduction

2. Synchrotron Motion Disturbance

3. Control Architectures

4. Multi-Array Control using the GSVD

5. Preliminary Analysis and Simulation Results
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New Disturbance: Synchrotron Motion Enters the FOFB Bandwidth at Diamond-II

Energy oscillations at fs appear as horizontal orbit motion through the lattice dispersion.

Synchrotron frequency FOFB bandwidth

Representative approximate values; ranges replaced by midpoint values.
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New Disturbance: Synchrotron Motion Enters the FOFB Bandwidth at Diamond-II

Energy oscillations at fs appear as horizontal orbit motion through the lattice dispersion.
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Diamond 2.3 kHz ≫ 200 Hz
Diamond-II bare lattice 1.25 kHz ≈ 1 kHz
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A General Phenomenon at Next-Generation Synchrotron Light Sources

Synchrotron
Frequency

FOFB
Bandwidth

Diamond-II 600 Hz < 1 kHz
APS-U1 330 Hz < 1 kHz
PETRA IV2,3 420 Hz < 1 kHz
SOLEIL II4,5 850 Hz < 1 kHz
Sirius6,7 < 1 kHz < 1 kHz

Representative approximate values illustrating harmonic-cavity operation; exact values depend on RF configuration.
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E Problem: FOFB not designed for “strong” & “high-frequency” synchrotron motion disturbances. E

à 1Kallakuri et al., Phys. Rev. Accel. Beams, 25, 082801, 2022.
à 2Mirza et al., Proc. IBIC 2022, TUP43; 3Ebert, DESY Technical Note 19-03, 2019.
à 4Broucquart and Hubert, Proc. IBIC 2022, TUP42; 5Gubaidulin et al., Proc. IPAC 2024, MOPS45.
à 6Tavares et al., Proc. ICALEPCS 2023, MO3AO03; 7Carvalho de Almeida et al., Proc. SRF 2021, SUPCAV011.
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APS-U: Use the RF System as an Additional Actuator for Beam Stabilisation

3 The same RF–beam coupling that creates the disturbance can be exploited for correction1. 3

Corrector
magnets

FOFB
controller

Beam /
RF Cavity RF amplifier

LLRF
controller

BPM signal Cavity field signal

RF Phase Drive (set-point correction)
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How can the RF System extend the FOFB?

Linear, multi-input multi-output orbit dynamics:

y(jω) = R g(jω) u(jω) + d(jω)

y(jω): Horiz. displacement in frequency domain; length nBPM
R: Orbit response matrix; size nBPM × nCM

g(jω): Scalar corrector dynamics
u(jω): Corrector inputs (currents); length nCM
d(jω): Disturbance

↓

With RF System:

y(jω) = R g(jω) u(jω) + η gRF(jω) uRF(jω) + d(jω)

η: Dispersion vector; length nBPM
gRF(jω): Scalar RF dynamics
uRF(jω): Corrector inputs (currents); length nCM
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Betatron and Synchrotron Motion are Nearly Orthogonal

Model for beam position y def= (y1, . . . , ynBPM)T:

y = yβ︸︷︷︸
Betatron motion

+ yη︸︷︷︸
Synchrotron motion

=
Contribution by CMs︷ ︸︸ ︷
yβ1 + · · ·+ yβnCM

+ yη︸︷︷︸
∥ to dispersion vector η

Perfect decoupling:

yβi ⊥ η ∀i = 1, . . . , nCM
⇓

3 FOFB/LLRF Loops decoupled 3
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Diamond-II: Angle between Corrector Responses & Dispersion Orbit

Slow correctors Fast correctors

? How should η gRF(jω) uRF(jω) be integrated when ηTR ̸= 0 ?
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Control Architectures
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Selection of Control Architecture Candidates

y(jω) = R g(jω) u(jω) + η gRF(jω) uRF(jω) + d(jω)

1.) Parallel feedback control of FOFB and RF phase actuation1

I Design one controller for u(jω) and one for uRF(jω) using y(jω) as feedback signal
I Each design ignores the other controller

2.) Model-based one-way decoupling of FOFB and RF phase actuation
I Design a controller for uRF(jω) using y(jω) as feedback signal
I Design a controller for u(jω) using y(jω) – η gRF(jω) uRF(jω) as feedback signal

3.) Multivariable integration of RF phase actuation into FOFB

I Design a controller for
(

u(jω)
uRF(jω)

)
jointly using y(jω) as feedback signal

Assumption: R ∈ RnBPM×nCM spans the BPM space, i.e. rank(R) = nBPM.

à 1P. Kallakuri, A. Brill, J. Carwardine, and N. Sereno, Phys. Rev. Accel. Beams 25, 082801 (2022)
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Basic Control Scheme for all Architectures Considered

Internal Model Control (IMC):

Q(jω) P(jω) y(jω)

d(jω)

P̂(jω)

Γ

Plant

Model

u(jω)

+

–

+

+–

Controller C(jω)

Equivalent Negative-Feedback Structure:

C(jω) P(jω) y(jω)

d(jω)

C(jω) := Γ(I – P̂(jω)Q(jω))91Q(jω)

u(jω) +

+–

Example recipe:
Plant P(jω) Model P̂(jω) IMC Filter Q(jω) Regularisation Γ

P(jω) = R g(jω) P̂(jω) = R̂ ĝ(jω) Q(jω) = P̂–1(jω)T(jω) R̂R̂T(R̂R̂T + µI)–1
µ ≥ 0 : scalar regularisation parameter

I Results in closed loop (P(jω) ≡ P̂(jω) and Γ = I): y(jω) = (1 – T(jω))d(jω) =: S(jω)d(jω)

I T(jω) is the desired closed loop, and Γ attenuates low-gain directions
à M. Morari and E. Zafiriou, Robust Process Control, 1989.
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Parallel Feedback Control of FOFB and RF Phase Actuation
Correctors/FOFB RF Phase Actuation

Model P̂(jω) = R̂ ĝ(jω) P̂RF(jω) = η̂ ĝRF(jω)

Open Loop (Plant × Neg.-FB Controller) for accurate models:

L(jω) = Γ
T(jω)

1 – T(jω)
+ ΓRF

T(jω)
1 – T(jω)

Disturbance-to-output sensitivity:

S(jω) = (I + L(jω))–1 = (I + T(jω)
1 – T(jω)

(Γ + ΓRF))–1

Parallel feedback: Double loop gain in η̂ direction.
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Model-Based One-Way Decoupling of FOFB and RF Phase Actuation

1. Close the RF loop using the controller from the previous slide:

uRF(jω) = –CRF(jω) y(jω).

2. Redefine the output signal for the correctors:

ȳ(jω) = y(jω) – P̂RF(jω) uRF(jω).

For accurate models: ȳ(jω) = P(jω) u(jω) + d(jω).
3. Apply the original FOFB controller to the reconstructed output:

u(jω) = –C(jω) ȳ(jω).

4. Obtain the disturbance-to-output sensitivity:

S(jω) =
(

I + ΓRF
T(jω)

1 – T(jω)

)–1(
I + Γ

T(jω)
1 – T(jω)

)–1
.

One-way decoupling: Double sensitivity slope along η̂ for Γ = ΓRF = I: (1 – T(jω))2 instead of 1 – T(jω).
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Multi-Array Control using the GSVD

1. Introduction

2. Synchrotron Motion Disturbance

3. Control Architectures

4. Multi-Array Control using the GSVD

5. Preliminary Analysis and Simulation Results
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Modal Decoupling for Single-Array Systems (one corrector type)

1) Linear, multi-input multi-output orbit dynamics:

y(jω) = R g(jω) u(jω) + d(jω)

y(jω): Horiz. displacement in frequency domain; length nBPM
R: Orbit response matrix; size nBPM × nCM

g(jω): Scalar corrector dynamics
u(jω): Corrector inputs (currents); length nCM
d(jω): Disturbance

2) Substitute thin singular value decomposition of R:

y(jω) = UΣVT g(jω) u(jω) + d(jω)

3) Left-multiply with UT and swap g(jω) and VT:

UTy(jω) =���*
I

UTUΣ g(jω) VT u(jω) + UTd(jω)

4) Define modal variables ỹ(jω) def= UTy(jω), ũ(jω) def= VTu(jω), and d̃(jω) def= UTd(jω):

ỹ(jω) = Σ g(jω) ũ(jω) + d̃(jω), whereΣ = diag(σ1, . . . ,σnBPM) ≻ 0.

3 Multi-Input Multi-Output System → Decoupled Single-Input Single-Output Systems 3

5) Design IMC filter as for previous approaches

à S. Gayadeen and S.R. Duncan, “Design of an electron beam stabilisation controller for a synchrotron”, Control Engineering Practice, 2014.
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Input Balancing for Systems with Two “Arrays” (one corrector type + RF)

1) Orbit dynamics with dispersion contribution:

y(jω) = R g(jω) u(jω) + η gRF(jω) uRF(jω) + d(jω)

2) Define ûRF(jω) = gRF(jω)
g(jω)

uRF(jω) ←→ uRF(jω) = g(jω)
gRF(jω)

ûRF(jω), substitute, and rearrange:

y(jω) =
[
R η

]︸ ︷︷ ︸
R̂

g(jω)
(

u(jω)
ûRF(jω)

)
︸ ︷︷ ︸

û(jω)

+d(jω) = R̂ g(jω) û(jω) + d(jω)

3) Proceed with single-array methodology and Γjoint = (RRT + ηηT)(RRT + ηηT + µI)–1…

à H. Kim et al., “Fast Orbit Feedback using the GSVD for Systems with Multiple Slow Corrector Arrays”, Proc. ICALEPCS 2025, THCG001.
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1) Orbit dynamics with dispersion contribution:

y(jω) = R g(jω) u(jω) + η gRF(jω) uRF(jω) + d(jω)

2) Define ûRF(jω) = gRF(jω)
g(jω)

uRF(jω) ←→ uRF(jω) = g(jω)
gRF(jω)

ûRF(jω), substitute, and rearrange:

y(jω) =
[
R η

]︸ ︷︷ ︸
R̂

g(jω)
(

u(jω)
ûRF(jω)

)
︸ ︷︷ ︸

û(jω)

+d(jω) = R̂ g(jω) û(jω) + d(jω)

3) Proceed with single-array methodology and Γjoint = (RRT + ηηT)(RRT + ηηT + µI)–1…

à H. Kim et al., “Fast Orbit Feedback using the GSVD for Systems with Multiple Slow Corrector Arrays”, Proc. ICALEPCS 2025, THCG001.
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Generalised Singular Value Decomposition for Two Matrices

Given Rs, size nBPM × ns with ns ≡ nBPM, and Rf, size nBPM × nf with nf ≤ nBPM:

Rs = X
[
Σs

I

]
VT

s Rf = X
[
Σf
0

]
VT

f

X: always invertible but generally non-orthonormal (XTX ̸= I); size nBPM × nBPM
Σ(·): generalised singular values ( ̸= singular values); size nf × nf
V(·): orthonormal (VT

(·)V(·) = I); size n(·) × ny

à G.H. Golub and C.F. Van Loan, Matrix Computations, 3rd ed., 2013.
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Modal Decoupling for Two-Array Systems (slow & fast correctors)

1) Linear, multi-input multi-output orbit dynamics:

y(jω) = Rs gs(jω) us(jω) + Rf gf(jω) uf(jω) + d(jω)
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2) Substitute GSVD of Rs and Rf… 3) Left-multiply with X–1 and swap g(·)(jω) and VT
(·)…

4) Define modal variables ỹ(jω) def= X–1y(jω), ũ(·)(jω) def= VT
(·)u(·)(jω), and d̃(jω) def= X–1d(jω):

ỹ(jω) =
[
Σs

I

]
gs(jω) ũs(jω) +

[
Σf
0

]
gf(jω) ũf(jω) + d̃(jω)

3 Multi-Input Multi-Output System → Decoupled Two-Input Single-Output Systems 3

5) Design IMC using mid ranging to split effort between slow & fast correctors
à I. Kempf et al., “Control of Multi-Array Cross-Directional Systems using the Generalised Singular Value Decomposition”, Automatica, 2025.
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gf(jω) ũf(jω) + d̃(jω)

3 Multi-Input Multi-Output System → Decoupled Two-Input Single-Output Systems 3

5) Design IMC using mid ranging to split effort between slow & fast correctors
à I. Kempf et al., “Control of Multi-Array Cross-Directional Systems using the Generalised Singular Value Decomposition”, Automatica, 2025.

Multivariable Integration of RF Phase Actuation into FOFB | 4. Multi-Array Control using the GSVD | I. Kempf | LLRF Workshop | 13.-15.10.2026 18



Input Balancing for Systems with More than Two Arrays

1) Orbit dynamics with dispersion contribution:

y(jω) = Rs gs(jω) us(jω) + Rf gf(jω) uf(jω) + η gRF(jω) uRF(jω) + d(jω)
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RF amplifier bandwidth of 100 kHz ≫ Fast CM bandwidth of 10 kHz.

2) Define ûRF(jω) = gRF(jω)
gf(jω)

uRF(jω) ←→ uRF(jω) = gf(jω)
gRF(jω)

ûRF(jω), substitute, and rearrange:

y(jω) = Rs gs(jω) us(jω) +
[
Rf η

]︸ ︷︷ ︸
R̂f

gf(jω)
[

uf(jω)
ûRF(jω)

]
︸ ︷︷ ︸

ûf(jω)

+d(jω)

3) Proceed with two-array methodology…
à H. Kim et al., “Fast Orbit Feedback using the GSVD for Systems with Multiple Slow Corrector Arrays”, Proc. ICALEPCS 2025, THCG001.
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2) Define ûRF(jω) = gRF(jω)
gf(jω)

uRF(jω) ←→ uRF(jω) = gf(jω)
gRF(jω)
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Input-to-Output Sensitivity for Modal-Based Control

Single-array (R) or single-array with input balancing (R̂ =
[
R η

]
):

S(jω) =
(

I + T(jω)
1 – T(jω)

Γ

)–1
= U diag

(
1 – T(jω)

1 – T(jω)(1 – γi)

)nBPM

i=1
UT

Two-array or two-array with input balancing:

S(jω) =
[
I +
(

TTISO(jω)
1 – TTISO(jω)

Πf + TSISO(jω)
1 – TSISO(jω)

(I – Πf)
)
Γ

]–1
,

= UΓ diag
({

1 – TTISO(jω)
1 – TTISO(jω) + γiTTISO(jω)

}nf

i=1
,
{

1 – TSISO(jω)
1 – TSISO(jω) + γiTSISO(jω)

}nBPM

i=nf+1

)
UT
Γ .

Modal control: Uniform attenuation within each output subspace with mode-dependent attenuation.
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Preliminary Analysis and Simulation Results

1. Introduction

2. Synchrotron Motion Disturbance

3. Control Architectures

4. Multi-Array Control using the GSVD

5. Preliminary Analysis and Simulation Results
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RF Integration with one corrector type: Unregularised Sensitivity
For accurate models and a full-rank magnet array:

Sjoint(jω) = (1 – T(jω))I

Sparallel(jω) = (1 – T(jω))
(

I – T(jω)
1 + T(jω)

η̂η̂T

∥η̂∥2

)

Sone–way(jω) = (1 – T(jω))
(

I – T(jω)
η̂η̂T

∥η̂∥2

)

Along η̂ direction:

Sjoint(jω)|η̂ = 1 – T(jω)

Sparallel(jω)|η̂ = 1 – T(jω)
1 + T(jω)

Sone–way(jω)|η̂ = (1 – T(jω))2

Along a direction d ⊥ η̂:

S(·)(jω)|d⊥η̂ = 1 – T(jω)
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RF Integration: Unregularised Dispersion-Direction Robustness Margins

For accurate models and a full-rank magnet array:

Lη,joint(jω) = T(jω)
1 – T(jω)

,

Lη,parallel(jω) = 2T(jω)
1 – T(jω)

,

Lη,one–way(jω) = 1
(1 – T(jω))2 – 1.

Architecture GM (dB) PM (◦) f|L|=1 (Hz)

Joint input balancing 10.75 69.1 535
Parallel feedback 4.73 46.3 1111
One-way decoupling 6.09 37.4 939
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RF Integration with one corrector type: Regularised Sensitivity

E Without regularisation: FOFB can be
unstable1–3. E
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à 3Y.-R. E. Tan et al., “Commissioning of the Fast Orbit Feedback System at the Australian Synchrotron,” IPAC, 2017.
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RF Integration with one corretor type: Regularisation-Induced Coupling
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Sensitivity: Transfer Function Matrix from Disturbance d(jω) to Output y(jω)

100 101 102 103 104

–80

–60

–40

–20

0

Frequency (Hz)

M
ag

ni
tu

de
(d

B)
Output Sensitivity Singular-Value Bounds

Joint input balancing Parallel feedback One-way decoupling

Solid: maximum singular value (least attenuation); Dashed: minimum singular value (strongest attenuation).

Multivariable Integration of RF Phase Actuation into FOFB | 5. Preliminary Analysis and Simulation Results | I. Kempf | LLRF Workshop | 13.-15.10.2026 26



Sensitivity: Transfer Function Matrix from Disturbance d(jω) to Output y(jω)

100 101 102 103 104

–80

–60

–40

–20

0

Frequency (Hz)

M
ag

ni
tu

de
(d

B)
Output Sensitivity Singular-Value Bounds

Joint input balancing Parallel feedback One-way decoupling

Solid: maximum singular value (least attenuation); Dashed: minimum singular value (strongest attenuation).

Multivariable Integration of RF Phase Actuation into FOFB | 5. Preliminary Analysis and Simulation Results | I. Kempf | LLRF Workshop | 13.-15.10.2026 26



Sensitivity: Transfer Function Matrix from Disturbance d(jω) to Output y(jω)

100 101 102 103 104

–80

–60

–40

–20

0

Frequency (Hz)

M
ag

ni
tu

de
(d

B)
Output Sensitivity Singular-Value Bounds

Joint input balancing Parallel feedback One-way decoupling

Solid: maximum singular value (least attenuation); Dashed: minimum singular value (strongest attenuation).

Multivariable Integration of RF Phase Actuation into FOFB | 5. Preliminary Analysis and Simulation Results | I. Kempf | LLRF Workshop | 13.-15.10.2026 26



Spatial RMS Integrated Beam Motion: Diamond-II Synthetic Disturbance
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Discussion and Outlook

I Near-orthogonality of FOFB and RF actuator directions does
not imply decoupled closed-loop behaviour

I Control architectures considered:

I Parallel feedback: doubles loop gain in η̂ direction
I One-way decoupling: doubles sensitivity slope along η̂

direction
I SVD/GSVD-based control: uniform attenuation

I For equivalent control schemes: higher bandwidths result in
reduced robustness

Future work:

I Optimise controller with respect to up-to-date Diamond-II
models and disturbance spectra

I Investigate RF phase demand and corrector constraints
I Include detailed RF/LLRF dynamics and model uncertainty
I Experimental validation and eventual deployment on

Diamond-II
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Internal Model Control for Systems with One Corrector Type (Diamond)
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P(jω) := Rg(jω), P̂(jω) := R̄ḡ(jω)
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u(jω) +
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1. Choose T(jω) and invert plant:

Q(jω) = P̂†
(jω) T(jω)
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à M. Morari and E. Zafiriou, Robust Process Control, 1989.
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Internal Model Control for Systems with One Corrector Type (Diamond)

Q(jω) P(jω) y(jω)

d(jω)

P̂(jω)

Γ

Plant

Model

u(jω)

+

–

+

+–

Controller C(jω)

P(jω) := Rg(jω), P̂(jω) := R̄ḡ(jω)
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Mid-Ranging Control: Split Control Effort T(jω) between Slow and Fast Correctors
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à S. Gayadeen and W. Heath, “An Internal Model Control Approach to Mid-Ranging Control,” 2009.
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Internal Model Control for Systems with Slow and Fast Correctors

Q(jω) P(jω) y(jω)

d(jω)

P̂(jω)

Γ

Plant

Model

[
us(jω)
uf(jω)

]

+

–

+

+–

Controller C(jω)

P(jω) := [Rsgs(jω) Rfgf(jω)] := [Ps(jω) Pf(jω)], P̂(jω) := . . .

Q(jω) :=
[

Qs(jω)
Qf(jω)

]

1. Choose Ts(jω), Tf(jω), and “invert” plant:

Qs(jω) = P̂†
s (jω) Ts(jω)

Qf(jω) = P̂†
f (jω) Tf(jω)

Υf

2. Closed loop for perfect model (P̂(jω) = P(jω)):

y(jω) =
(

I – ITs(jω) – X
[
ITf(jω)

0

]
X91

Υf

)
d(jω)

3. Add Υf if nf < ns
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Choosing the Closed-Loop Bandwidth for Diamond-II

Bandwidth ↑ ⇒ Peak of S(jω) ↑ ⇒ Instability, disturbance amplification
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Tikhonov Regularisation: Avoid Large Control Inputs for Slow and Fast Correctors
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