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OUTLINE

§ Orbit stability requirements
§ Unified fast + slow orbit feedback
§ Targets for APS-U orbit feedback R&D
§ Prototype implementation
§ Performance
§ Wrap-up
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APS UPGRADE MULTI-BEND LATTICE

~70
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PARAMETERS – PRESENT APS ORBIT FEEDBACK 
SYSTEM (1995)

Parameter ‘Datapool’ RTFB
Algorithm implementation Separate DC and AC systems for 

slow and fast correctors

BPM sampling & processing rate 10 Hz 1.6 kHz

Corrector ps setpoint rate 10 Hz 1.6 kHz

Signal processors (20 nodes) EPICS IOC DSP (40 MFLOPS)

Num. rf bpms / plane 360 160 (4 per sector)

Fast correctors / plane - 38 (1 per sector)

Slow correctors / plane 282 -

Fast corrector ps bandwidth - 1 kHz

Fast corrector latency - ~250 usec

Closed-loop bandwidth DC - 1 Hz 1 Hz - 80 Hz
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OVERLAP IN COVERAGE OF SLOW AND FAST ORBIT 
FEEDBACK SYSTEMS

Frequency domain
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(Datapool)

Fast Correctors
(RTFB)

Both systems 
have access to 
this vector space

Both systems can 
respond over this 
frequency range

• Either system can operate 
stably without the other, but

• Both systems go unstable if 
operating simultaneously
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UNIFIED FEEDBACK ALGORITHM CONCEPT:
SPATIAL- VS FREQUENCY-DOMAIN ORTHOGONALIZATION
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Unified algorithm

RTFB corrects 
down to DC and 
uses all spatial 
modes

IRM is re-formulated to 
remove the common vector 
sub-space 

Issue: combination of slow + fast systems is unstable

• Present scheme: separate into high- and low-
frequency systems (‘woofer/tweeter’ concept)

• Unified scheme: orthogonalize vector spaces 
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IMPROVEMENTS IN ORBIT FEEDBACK SETTLING TIMES WITH 
UNIFIED FEEDBACK ALGORITHM USING EXISTING 20-YR OLD HARDWARE

APS - User ops
1.6kHz+10Hz

APS - unified
1.6kHz+10Hz

04/22/16Nick Sereno,  Beam Stability R&D at APS, 4th DLSR Workshop 19
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Unified Feedback Machine Studies (Time Domain)
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• Fast: RTFB at 1600 Hz

• Plots show time-domain 
responses to a step change in 
the orbit

• Left: present scheme with 
RTFB rolled-off towards DC 
using conventional formulation 
of inverse response matrices

• Right: with both systems 
operating down to DC using 
unified formulation for inverse 
response matrices
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TARGETS FOR APS-U ORBIT FEEDBACK R&D
IN TERMS OF ORBIT MOTION SPECTRA

Widen the 

correction 

bandwidth

Reduce the residual 

uncorrectable motion

Reduce contamination 

of bpm readbacks at 

low frequencies

Open- vs closed-loop PSDs with present RTFB (x-plane)

Go after the underlying 

sources of orbit motion
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• Power supply stability
• Mechanical vibration

• Higher sampling rates
• Lower processing latencies
• Faster correctors

• Increase numbers of bpms and fast correctors 
to get access to additional spatial modes
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PARAMETERS – COMPARISON OF PRESENT AND NEW

Parameter APS-U design* ‘Datapool’ RTFB
Algorithm implementation ‘Unified feedback’ 

algorithm
Separate DC and AC systems for 

slow and fast correctors

BPM sampling & processing rate 271 kHz (TBT) 10 Hz 1.6 kHz

Corrector ps setpoint rate 22.6 kHz 10 Hz 1.6 kHz

Signal processors (20 nodes) DSP (320 GFLOPS)
+ FPGA (Virtex-7)

EPICS IOC DSP (40 MFLOPS)

Num. rf bpms / plane 570 (14 per sector) 360 160 (4 per sector)

Fast correctors / plane 160 (4 per sector) - 38 (1 per sector)

Slow correctors / plane 320 (8 per sector) 282 -

Fast corrector ps bandwidth 10 kHz - 1 kHz

Fast corrector latency <10 us - ~250 usec

Closed-loop bandwidth DC to 1 kHz DC - 1 Hz 1 Hz - 80 Hz

Present system (circ. 1995)

* Goal of R&D was to demonstrate key parameters in beam studies at APS
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APS-U ORBIT FEEDBACK PROTOTYPE
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ORBIT FEEDBACK SYSTEM MODEL

Figure 1: Closed loop layout of Fast Orbit FeedBack System dynamics.

has large peak around 2 kHz. Estimated dynamics could not
simulate this e�ect, we are working on addressing this.

Figure 2: Measured vs Model closed loop step response in
horizontal plane.

Figure 3: Measured vs Model closed loop step response in
vertical plane.

Dynamic Performance Analysis using Attenuation

Responses

Closed loop unity-gain bandwidth is used as dynamic per-
formance measure. It can be obtained from the attenuation
response i.e., frequency response magnitude of the sensitiv-
ity transfer function. Input for this measurement is a unit
amplitude sine sweep signal applied from AFG 2, measured
output is the Corrector Drive signal. Attenuation response
is the FFT magnitude of corrector drive signal.

The closed loop attenuation measured at horizontal cor-
rector S27A:H3, with Ki = 0.2 is shown in Fig. 4. Our
objective is to approximate the closed loop performance of
the system with APS-U corrector prototype. This process
starts with predicting APS-U FOFB dynamic model HU [z],

HU [z] = H1[z] · HUM [z] (2)
H1[z] is given in eq. (1). Transfer function of the prototype
fast corrector magnet with vacuum chamber HUM [z], is

estimated using the normal dipole field AC response mea-
surements of the 8 pole corrector prototype.

HUM [z] =
�0.94(1 + 2.93z

�1)(1 + 0.43z
�1)

(1 + 0.99z�1)(1 � 0.29z�1)(1 + 0.09z�1)
(3)

With HU [z] as the open loop model we simulated closed
loop performance. Ki is adjusted to obtain the same maxi-
mum amplification factor at high frequencies. Comparison
between the closed loop attenuation with present corrector
and with prototype magnet model is shown in Fig. 4. It is
noticed that vital information to analyze the dynamic perfor-
mance resides after 200 Hz. For a closer look, in this paper
the attenuation measurements are presented in the frequency
range 200 Hz - 5 kHz.

Figure 4: Measured attenuation with present corrector com-
pared to APS-U prototype model response.

In addition, we studied the e�ects of changing Ki gain
and process delay on closed loop bandwidth. The results
are shown in Fig. 5. With an increase in Ki , bandwidth and
maximum amplification are increased. When extra delay is
added, bandwidth is decreased and maximum amplification
is increased. Also model attenuation responses are compared
against the measurements, they are in good agreement.

It can be seen that our model reasonably matches the
prototype feedback system dynamics. Before directly using
it for testing optimal control methodologies, it is essential
to understand how e�ective the model can be when used for
model based control design. Since digital PID controller is
already implemented on the prototype DSP controller, we
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In addition, we studied the e�ects of changing Ki gain
and process delay on closed loop bandwidth. The results
are shown in Fig. 5. With an increase in Ki , bandwidth and
maximum amplification are increased. When extra delay is
added, bandwidth is decreased and maximum amplification
is increased. Also model attenuation responses are compared
against the measurements, they are in good agreement.

It can be seen that our model reasonably matches the
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it for testing optimal control methodologies, it is essential
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BPM vector

Orbit feedback controller

Vector dot 
product

Parallel signal paths 
(one per corrector)

Accelerator model
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PROTOTYPE FAST ORBIT FEEDBACK PROCESSOR 
DATAFLOW
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• FPGA manages bpm and corrector data-streams
• DSPs perform orbit feedback computations

14J. Carwardine, et., al.    International Beam Instrumentation Conference, 9-14 Sept. 2018, Shanghai



BUILT-IN DYNAMIC-SYSTEM ANALYZER
§ Need a means of evaluating effects of latency and regulator tuning

– Method of dividing open-loop and closed-loop PSDs is noisy and imprecise
– Dynamic-system analyzer approach: measure response to known excitation

Figure 1: Closed loop layout of Fast Orbit FeedBack System dynamics.

has large peak around 2 kHz. Estimated dynamics could not
simulate this e�ect, we are working on addressing this.

Figure 2: Measured vs Model closed loop step response in
horizontal plane.

Figure 3: Measured vs Model closed loop step response in
vertical plane.

Dynamic Performance Analysis using Attenuation

Responses

Closed loop unity-gain bandwidth is used as dynamic per-
formance measure. It can be obtained from the attenuation
response i.e., frequency response magnitude of the sensitiv-
ity transfer function. Input for this measurement is a unit
amplitude sine sweep signal applied from AFG 2, measured
output is the Corrector Drive signal. Attenuation response
is the FFT magnitude of corrector drive signal.

The closed loop attenuation measured at horizontal cor-
rector S27A:H3, with Ki = 0.2 is shown in Fig. 4. Our
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the system with APS-U corrector prototype. This process
starts with predicting APS-U FOFB dynamic model HU [z],
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With HU [z] as the open loop model we simulated closed
loop performance. Ki is adjusted to obtain the same maxi-
mum amplification factor at high frequencies. Comparison
between the closed loop attenuation with present corrector
and with prototype magnet model is shown in Fig. 4. It is
noticed that vital information to analyze the dynamic perfor-
mance resides after 200 Hz. For a closer look, in this paper
the attenuation measurements are presented in the frequency
range 200 Hz - 5 kHz.

Figure 4: Measured attenuation with present corrector com-
pared to APS-U prototype model response.

In addition, we studied the e�ects of changing Ki gain
and process delay on closed loop bandwidth. The results
are shown in Fig. 5. With an increase in Ki , bandwidth and
maximum amplification are increased. When extra delay is
added, bandwidth is decreased and maximum amplification
is increased. Also model attenuation responses are compared
against the measurements, they are in good agreement.

It can be seen that our model reasonably matches the
prototype feedback system dynamics. Before directly using
it for testing optimal control methodologies, it is essential
to understand how e�ective the model can be when used for
model based control design. Since digital PID controller is
already implemented on the prototype DSP controller, we

• Multiple simultaneous measurement 
channels

• Beam-based measurement of 
frequency- and time-domain responses

• Resolve differences in transfer-function 
to <10Hz

• Closed-loop Response Matrix 
measurements 

Applied 
perturbation

Residual 
perturbation

Compute ratio of PSDs
(Noisy, imprecise)

Measure response to 
applied perturbation
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BEAM-BASED MEASUREMENT OF CLOSED-LOOP PERFORMANCE 
VS PROCESSING LATENCY

(3)

(1)

(2)

Attenuation responses with/without added latency

(1) (2) (3)
Integral gain (Ki) 0.2 0.3 0.2
Added latency (usec) - - 44
B/W (Hz) measured 440 510 400
B/W (Hz) simulated 430 500 390
Peak (dB) measured 3.8 5.1 5.0
Peak (db) simulated 3.9 5.1 5.0

(1)

(2)(3)

Horizontal plane

44 usec (1 tick) of added processing 
latency costs ~100Hz in bandwidth
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MEASURED PERFORMANCE:
REDUCTION IN CUMULATIVE RMS MOTION

Large source of orbit 
motion at 1.8kHz is due 
to synchrotron motion

Plots show cumulative RMS 
motion up to 11 kHz:
• Open-loop
• Ki regulator
• Ki+Kp+Kd regulator

Horizontal

Vertical

RMS beam stability 
goals for APS-U have 
been demonstrated 
on APS
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PARAMETERS – COMPARISON OF PRESENT AND NEW

Parameter APS-U design ‘Datapool’ RTFB
Algorithm implementation ‘Unified feedback’ 

algorithm
Separate DC and AC systems for 

slow and fast correctors

BPM sampling & processing rate 271 kHz (TBT) 10 Hz 1.6 kHz

Corrector ps setpoint rate 22.6 kHz 10 Hz 1.6 kHz

Signal processors (20 nodes) DSP (320 GFLOPS)
+ FPGA (Virtex-7)

EPICS IOC DSP (40 MFLOPS)

Num. rf bpms / plane 570 (14 per sector) 360 160 (4 per sector)

Fast correctors / plane 160 (4 per sector) - 38 (1 per sector)

Slow correctors / plane 320 (8 per sector) 282 -

Fast corrector ps bandwidth 10 kHz - 1 kHz

Fast corrector latency <10 us - ~250 usec

Closed-loop bandwidth DC to 1 kHz DC - 1 Hz 1 Hz - 80 Hz

Present system (circ. 1995)

Demonstrated
Demonstrated in a double-sector
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SUMMARY

§ APS-U fast orbit feedback system uses the same architecture and functionality 
as the 20-yr old APS RTFB, but is implemented using ‘modern’ components
– 4000-fold increase in performance vs 1995-era processors
– Hybrid DSP-FPGA processor chosen over FPGA-only implementation

§ APS-U fast orbit feedback controller has been prototyped on the present APS
– Unified feedback algorithm combines fast and slow correctors without compromising 

spatial or dynamical performance (replaces present ‘woofer/tweeter’ scheme).
– 22.6 kHz orbit correction rate with 16 bpms and 8 fast correctors per sector per plane.
– Unique diagnostic and measurement capabilities are built into the controller
– Parametric dynamical model for testing ‘optimal’ control techniques.
– All key parameters for APS-U fast orbit feedback system design have been 

demonstrated during beam studies, including 1kHz closed-loop bandwidth

Small APS-U beam sizes lead to very challenging orbit stability goals
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