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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

APS today — Double Bend Lattice A

fl/ ‘-}} g - > G —w
~70-fold AP
reduction in
horizontal
emittance Future APS with Multi-Bend Lattice

E2
— CL __ E=Beamenergy (E =6 GeV for APS MBA)
X Ng N, = Number of dipoles per sector (N4 = 7 for APS MBA)
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Orbit Stability Requirements

Minimum Expected Beam Size at the IDs  (42-pm Lattice)

o)

X

o

x!

c o
y y

12.6um (275 um)

2.5 urad (11 prad) 2.8 um (10 pum) 1.7 wrad (3.5 prad)

Beam Stability Goals for the APS Upgrade

AC rms Motion
(0.01-1000 Hz)

Horizontal

Vertical

1.25um rms
(>6 pym)

0.4 ym rms

(>3 um)

J. Carwardine, et., al.

AC rms Motion Long Term Long
(0.01-1000 Hz) Drift Term Drift
(>100 s) (>100 s)
0.25 yrad rms 1 ymrms 0.6 yrad rms
(>1.7 urad) (~10 um®) (~2.8 urad®)
0.17 prad rms 1 ymrms 0.5 yrad rms
(>0.85 urad) (~10 pm®) (~2.8 urad®)

(Present Storage Ring Performance)
* Peak-to-Peak
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PARAMETERS - PRESENT APS ORBIT FEEDBACK

SYSTEM (1995)

Parameter

Algorithm implementation

BPM sampling & processing rate
Corrector ps setpoint rate

Signal processors (20 nodes)

Num. rf bpms / plane

Fast correctors / plane
Slow correctors / plane
Fast corrector ps bandwidth
Fast corrector latency

Closed-loop bandwidth

‘Datapool’ RTFB

Separate DC and AC systems for
slow and fast correctors

10 Hz 1.6 kHz
10 Hz 1.6 kHz
EPICS IOC  DSP (40 MFLOPS)

360 160 (4 per sector)
. 38 (1 per sector)
282 -

: 1 kHz

- ~250 usec

DC-1Hz 1 Hz - 80 Hz
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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 -
Slow correctors / plane 282

Fast corrector ps bandwidth -

38 (1 per sector)

1 kHz

Fast corrector latency -
Closed-loop bandwidth DC-1Hz

~29U
1 Hz - 80 Hz
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OVERLAP IN COVERAGE OF SLOW AND FAST ORBIT
FEEDBACK SYSTEMS

c 0 « Either system can operate
w | N stably without the other, but
g « Both systems go unstable if
% Slow operating simultaneously
= Correctors
o (Datapool)
3 p
-
Both systems Fast Correctors
have access to (RTFB)
this vector space \ y
>
‘ i ' Frequency domain

Both systems can
respond over this
frequency range
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UNIFIED FEEDBACK ALGORITHM CONCEPT:
SPATIAL- VS FREQUENCY-DOMAIN ORTHOGONALIZATION

A
SN[ vodes Issue: combination of slow + fast systems is unstable
£ || correctable Vector subspace h . : high dl
_8 gzrsrfcvtvors accessible to both Present scheme: seearate Into high- ’an ow-
© / frequency systems (‘woofer/tweeter’ concept)
= /
sl ¥ e Unified scheme: orthogonalize vector spaces
m Modes correctable
By Fast Correctors
. Z
>
Frequency domain
Present scheme Unified algorithm
A A
— — IRM is re-formulated to
£ RTFB response is I= remove the common vector
£ || Sow rolled off below ~1Hz ) slow sub-space
o Correctors / S Correctors /
© ©
T_U J—
El = L ) &~ RTFB corrects
) ol (8 i down to DC and
Fast Correctors i Fast Correctors uses all spatial
\ / s | J )modes
Frequency domain Frequency domain

rgonne Nati
5.
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IMPROVEMENTS IN ORBIT FEEDBACK SETTLING TIMES WITH
UNIFIED FEEDBACK ALGORITHM USING EXISTING 20-YR OLD HARDWARE

APS - User ops APS - unified
1.6kHz+10Hz 1.6kHz+10Hz

3 — T T » Slow: Datapool at 10 Hz
& 05 - Fast: RTFB at 1600 Hz
g 0.0 ° _ _
e 5  Plots show time-domain
£-0° responses to a step change in
8—1 I 0 <+ 2.5 sec the orbit
§_1 5 5 *\(.-——————- |
L » Left: present scheme with
-~ e ... RTFB rolled-off towards DC
3 Vv 1 \ using conventional formulation
@ ol lo | of inverse response matrices
5 =
B Of sk
o - M. |+ Right: with both systems
S \ i operating down to DC using
s < unified formulation for inverse
¢% R\ ’ response matrices

0 10 20 30 0O 10 20 30
Time (sec) Time (sec)
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TARGETS FOR APS-U ORBIT FEEDBACK R&D
IN TERMS OF ORBIT MOTION SPECTRA

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

* Higher sampling rates
« Lower processing latencies

T T T o — L Y Open-Loop
100k « Power supply stability | |
¢ | Reduce contamination *  Mechanical vibration | Glosed-l oop
10k gv??rrg rueear(‘jgzgks 2 Go after the underlying 1
g sources of orbit motion E
w?? | il TR 2 | Widen the
i P } correction
O.1e M ' “’ | | bandwidth
E | |3
T WM 'M 1

0.0

 Faster correctors

Orbit motion Power Spectral Density (mm?/Hz)

0. 001k Reduce the residual ]
)i uncorrectable motion
104E * Increase numbers of bpms and fast correctors 4
s to get access to additional spatial modes ]
1111 1 1 I 1 T 1 TTI7T L 1 I 1 T 1TTT 1 1 1 1 T I TTTl 1 1 1 1 T I TT1T Illl

0.01 0.1 1 10 100 1000
Frequency (Hz)
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PARAMETERS — COMPARISON OF PRESENT AND NEW

Parameter

Algorithm implementation

BPM sampling & processing rate
Corrector ps setpoint rate

Signal processors (20 nodes)

Num. rf bpms / plane

Fast correctors / plane
Slow correctors / plane
Fast corrector ps bandwidth
Fast corrector latency

Closed-loop bandwidth

APS-U design*

‘Unified feedback’
algorithm

271 kHz (TBT)
22.6 kHz

DSP (320 GFLOPS)
+ FPGA (Virtex-7)

570 (14 per sector)
160 (4 per sector)
320 (8 per sector)
10 kHz

<10 us

DC to 1 kHz

Present system (circ. 1995)

RTFB

Separate DC and AC systems for
slow and fast correctors

‘Datapool’

10 Hz 1.6 kHz

10 Hz 1.6 kHz

EPICS IOC DSP (40 MFLOPS)
360 160 (4 per sector)
. 38 (1 per sector)
282 -

: 1 kHz

- ~250 usec
DC-1Hz 1 Hz - 80 Hz

* Goal of R&D was to demonstrate key parameters in beam studies at APS

jonne
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APS-U ORBIT FEEDBACK PROTOTYPE

Fast Orbit Feedback
Controller prototype

il |

Fast Data Network

i i prototype
7

= UDP over fiber

[cR-PRAYS
WTCAMCH
cPU
(EPICS 10C)
cPU
(DAQ 10C)

Aurora over fiber

1

|

: ;
= Node-to-node link (protocol TBD) 2 2 6 k H

| Tvcvraces
Dual DSP.

Heliax
- - Event Link
= DC power gﬁ gﬁ g
] In-scope for Integrated beam stability WBS % 5 é% @ B — |
3 &« ' 20 e L
< Eﬁ 3 to Libera B+ 1' 6 kHz DAQ
through switch
02AC-ISBS-1390
Controls
” ” network
Corrector power supplles (8 fast prototypes +8 ex:stmg slow) —\ —
E Ear-
e
LI \ /
B:HV4
(Fast) xBoM1 XePN2

Sector 28 ™
S27-ID FE

P o \ a2 Insertion | arz AP
to RTFB controller / / / / Bp  BF | B:! Device //
APO , \ \ | /

| / / Libera Brilliance+ rf bpm electromcs (4 units = 16 channels)

Libera ‘ leera leera ‘ =
Brilliance+ | Brilliance+ Brilliance+ r Brilliance+
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ORBIT FEEDBACK SYSTEM MODEL

Orbit feedback controller

BPM DC set points Vector dot Parallel Signal paths
product (one per corrector)
Regulator

Wt | >
- X - BPM
. > > » PID(z »-o
_|_ . ;A\ Error; IR c " ‘J ‘J ( ) Corrector 5 o
>+ > orrector Delta S orrector
AFG Error LPF HPF Loop Open/Close Drive

| Corrector DC set points I

BPM vector

H orH HorH
M um u

BPM Accelerator
Hardware Re(S&DI\C;IF)\SG Vacuum Chamber Corrector Magnet Power Supply

Accelerator model

al Laboratory is
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PROTOTYPE FAST ORBIT FEEDBACK PROCESSOR
DATAFLOW

Commagility uTCA card

MRF Event Link in  e——)>

Event
Receiver

SFP @ 22.6 kHz

BPM data from Liberas

(271 kHz) g

Aurora Block

SFP | (BPM Data @  Place-holder

Setpoints to correctors

<

(22.6 kHz)

Feedback Event >

==== AXI master

I— Timestamp ———>| Timestamp |_

BPM Data
@ 271 kHz

Monitor &

Supervisory
Control

(64-bits)

Interrupt:
New bpm data

BPM Data

=P (8/32 x 32-bit J»

PCle

DSP1/Core 0

Supervisory
Monitor & Control

Cache mem.
p-| BPM data == Execute orbit
vector
feedback
< Setpoint |4~ algorithm
vector

| for filter block | ! Update DAQ /
271KHz) ‘ ! i i P
————————————— ! values) ! ' monitor in DDR3
(] (]
Fabric-based i Power Supply i
s | réciéEase @ Corrector PS Setpoints ! Setpoints ] ? Notify()
T @ 22.6 kHz f (8/16 x 16-bit ! (core-to-core TMS320 DSP
' values) Interrupt: * Interrupts)
(] ] g
' 1 New setpoints
Microblaze T DDR3
SDRAM
Debug utilities Supervisory
Virtex-7 FPGA Monitor & Control
DAQ Task
o On-board Ethernet Network
AMC Port 0 Switch Task
Ethemet " DSP 1/ Core 1

Communication

7 U.S. DEPARTMENT OF Argonne National Laboratory is a
i U.S. Department of Energy laboratory
oy ENER managed by UChicago Argonne, LLC.

| UTCA Ethernet backplane

«  FPGA manages bpm and corrector data-streams
« DSPs perform orbit feedback computations

J. Carwardine, et., al.
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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

| BPM DC set points '

Applied

Regulator perturbation
+h »
X - BPM I N N N .
"CT/ - z Error IRM o “ /__ ] PID(Z) Corrector i’ _0/0-
) > Corrector LPF HPE Delta )_ Corrector
4 Error S—— Loop Open/Close Drive Residual
BPM C DC i i
A | orrector set points ' perturbat|on
H orH HorH
M um U
BPM Accelerator
et Re(3£'\(3lr)1$e Vacuum Chamber Corrector Magnet Power Supply
Compute ratio of PSDs Measure response to * Multiple simultaneous measurement
(Noisy, imprecise) applied perturbation channels
40 . 40 :
Y - ] wr| G | /| |+ Beam-based measurement of
wf . o . frequency- and time-domain responses
g | 1 |+ Resolve differences in transfer-function
g’ /\\ to <10Hz

-10 10 F ]
2] 2| * Closed-loop Response Matrix
0 ‘ 0 ‘ measurements
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MEASURING ORBIT FEEDBACK EFFECTIVENESS

Plots show the attenuation response (fraction of motion remaining with feedback enabled)
« Atlow frequencies, there is more than 40dB attenuation.
« Amplification at higher frequencies corresponds to overshoot in the step response.

Measurement of orbit motion attenuation: 4Hz — 5kHz
10 - _ _ _
Unity gain
0 E==————— [ ey A — N 1o o L P ——— g S —
@ .10l Measured response i
'O - -
= at nominal gain ~~~—,
9o -20 - a
S
>
5 -30
< a0t Details near unity-gain cross-over frequency
Simulated response o 10 1 ] ] T
50 - at higher gain 2
c OfF————— " — — — — -
-60 Lol i N S i i R | g
3 10 100 1000 © 10 ]
Frequency (Hz) S 1
g _20 1 H i H R 1 H 1
200 500 1000 2000 4000
Frequency (Hz)
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BEAM-BASED MEASUREMENT OF CLOSED-LOOP PERFORMANCE
VS PROCESSING LATENCY

Attenuation responses with/without added latency
6 I ' I ! I ' ! ! | | I
pesnsaets e (2)
4 - -
2 i
S o -
S 2f :
§ Integral gain (Ki) 0.2
S 4T Added latency (usec) - - 44
2 6L B/W (Hz) measured 440 510 400
B/W (Hz) simulated 430 500 390
-8 + Peak (dB) measured 3.8 5.1 5.0
1o L | Peak (db) simulated 3.9 5.1 5.0

200 400 600 1000 2000 3000
Frequency (Hz)

44 usec (1 tick) of added processing
latency costs ~100Hz in bandwidth
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MEASURED PERFORMANCE: RMS beam stability

REDUCTION IN CUMULATIVE RMS MOTION g°a's for APS-U have
een demonstrated

on APS

A8 _' LA | T T TTTTTg T LR EREARL T T TTTTTg '.' T T “'|l T ]

Ei Open loop - Horizontal |

6 | Closed loop with Ki = 0.3 | || Plots show cumulative RMS
— Closed loop with hPID2 )
a motion up to 11 kHz:
Lar S27B:POX 1| * Open-loop
o * Ki regulator
o2 1|+ Ki+Kp+Kd regulator
O 1.7 um
» 0 & " i il el R B
0.01 0.1 1 10 100 1000 10000
Frequency (Hz)

. T T T T rrTTTT T LR | r TrTTTI "'i ™

E | [ Openioop Vertical | :

2 2| Closed loop Ki = 0.3 I

— Closed loop vPID2 |

D 1.5 B I -

n I

o 1L | i

> S28A:POY |

f 0.5 1 Large source of orbit
5))' | 0.37 um motion at 1.8kHz is due

O e | : L] to synchrotron motion

0.01 0.1 1 10 100 1000 10000
Frequency (Hz)
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PARAMETERS — COMPARISON OF PRESENT AND NEW

Parameter

Algorithm implementation

BPM sampling & processing rate
Corrector ps setpoint rate

Signal processors (20 nodes)

Num. rf bpms / plane
Fast correctors / plane

Slow correctors / plane

APS-U design

‘Unified feedback’
algorithm

271 kHz (TBT)
22.6 kHz v’

DSP (320 GFLOPS)
+ FPGA (Virtex-7) v

570 (14 per sector)\/
160 (4 per sector)
320 (8 per sector) o”

v’

Fast corrector ps bandwidth 10 kHz v’

Fast corrector latency <10 us v

Closed-loop bandwidth DC to 1 kHz v’
+” Demonstrated

Present system (circ. 1995)

RTFB

Separate DC and AC systems for
slow and fast correctors

10 Hz 1.6 kHz
10 Hz 1.6 kHz
EPICS IOC  DSP (40 MFLOPS)

‘Datapool’

360 160 (4 per sector)

. 38 (1 per sector)

282 -

: 1 kHz

- ~250 usec
DC-1Hz 1 Hz - 80 Hz

“ Demonstrated in a double-sector
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SUMMARY

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

= 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
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