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@ Overview

« Optimal Beam-Based Feedback Design

» Tune & Chromaticity Measurements
— Phase-Locked-Loop Systems

— Cross-Dependability and Cross-Constraints between Feedback loops
— What can break the PLL

s (Goal: provide roadmap to avoid less obvious pot holes
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|@ii Beam Parameter Stability @

s Requirements on orbit stability: y

— Effective emittance preservation €em

NPT =)
— Minimisation of coupling (orbit in sextupoles) 2 %ggg’
L] L] L] L] L] [l L] / =
— Minimisation of spurious dispersion (orbit in quadrupoles) . 4

— Collider Luminosity and collision point stability te | ' vertical

aperture

— Nearly all 3" generation light-sources deploy
at least orbit/energy feedbacks

s Hadron Colliders:
— Traditionally: ... keep the beam in the pipe!
— Present: Increased stored intensity and energy
— quenches and/or serious damage

1. Capability to control particle losses in the machine
LHC: Ax| _ <25 um, Ap/p < 5-10°

. . . Beam 3 o envel.
2. Commissioning and operational efficiency ~1.8mm@ 7 TeV
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S/

i@ii Requirements on Tune and Chromaticity @

s Lepton machines: 5Q ~ 102 ... 10° e A A e A I AN A
— some have tough working points, e.qg.: 59.34;— § %}
« PEP-II: g = 0.505 (LER), 0.503 (HER) s0.33] R D energy
« KEK-b: g =0.504 (LER), 0.510 (HER) 5 :
s Hadron machines: 5:9221 '.

— negligible synch. radiation damping
— large tune footprints 59.3
— avoid up to 12" order resonances

T T "/“" "[‘
s
17
F N

59.29(~
— Example LHC: 3Q < 0.003...0.001 N
« Space in Q-diagram: AQ|, =1.15-10% 59.27 RS e N RN
 Allowed max lin. chromaticity* (5-6 o). 9% \ N
_)Q' z211&Q'>O 59 ||H\H||||||\\\H|i||\|H\||{||\\|H\||I|_||H|\
max '%Q.QS 64.26 64.27 64.28 64.29 64.3 64.31 64.32 64.33 64.34 64.3!
« N.B.: Ap/p =10° — AQ_=~10"° Q,

s Sources: supply drifts and ripples, hysteresis, ramp tracking errors, beam-
beam, e-cloud, ...s.-con. accelerators: decay & snap-back, persistent currents

— LHC: Chromaticity change = 300 units, maximum rate = 1.2 units/s
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i@ii Orbit Feedback/Feed-Forward Control Scheme @

s Feedback controller usually decomposed into three stages:

1 Compute steady-state corrector settings based on
measured parameter shift that moves the beam — dSpaC?
. . omain

parameter to its reference in a steady state case

2 Compute a () that will enhance the transition 3(r=0)—3_

- ti
3 Feed-forward: anticipate and add deflections 6 ,to compensate [~ dolm:in

changes of well known or non-measurable effects:

|

i &4 €xternal noise

Controller Process

r E u
reference Z

‘ measured state M(S) - ff\‘i

y:‘—
actual state

T+

Monitor Transfer

Function O _
measurement noise
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i@ii Lattice and Calibration Imperfections @

s Machine imperfections (beta-beat, hysteresis....), calibration errors and offsets
can be translated into a steady-state ¢ _and scale error ¢

scale

Ax(s)=R(s)8, = Ax(s)=R,(s)-(e,+(1+€,,.)-6)

A Feed-Forward: A Integral feedback:
— Reference = 1 — Reference = 1
% % | actyal parameter
E 1-¢ E | | |
2 © | SRR
© actual parameter © } ‘ ‘ ‘
Q_‘ Q‘ | ‘error |gnql A= }
c = ‘ }lnteg al feedback signal
S S - l
= = IR
. | | ‘ ; ; | >
time et 20 L n® time

s Uncertainties and scale error of beam response function affects convergence
speed (= feedback bandwidth) rather than achievable stability

s Can be improved through measured or adjusting the actual response matrices

DIPAC'07, Feedbacks on Tune and Chromaticity, Ralph.Steinhagen@CERN.ch, 2007-05-22

6/24


mailto:Ralph.Steinhagen@CERN.ch

DIPAC'07, Feedbacks on Tune and Chromaticity, Ralph.Steinhagen@CERN.ch, 2007-05-22

Optimal Controller Design @

Youla's affine parameterisation

Controller design often regarded as specialists' topic only - wrong!

Youla''® showed that all stable closed loop controllers D(s) can be written as:

Q(s)
D(s)= (1)
1-Q(s)G(s)
Example: first order system
Ko
G (S ) — with T being the circuit time constant (2)
Ts+1
Using for example the following ansatz:
i 1 Ts+1
=F,(s)G'(s)= :
Qls)=Fols)G(s)="—7 K, @

— F(s) models the desired closed-loop response  — T’ 0(s)=

. . . _ xs+1
— Gl(s) being the pseudo-inverse of the nominal plant G(s)

(1)+(2)+(3) yields PI controller:

D(S):KP_I_KZE with KP:KO& /A Ki:KO;
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@ Optimal Controller Design @
CA@

Robust vs. Fast Closed Loop Response

s > T1...~ facilitates the trade-off between speed and robustness

— operator has to deal with one parameter — enables simple adaptive gain-

q scheduling based on the operational scenario!

o

N~

= e .~
-5 B - 1 1 1 ] E\/o
z c 10 T=02Hz A= 1.0Hz = 5.0Hz 122
3 = - > O
5 T 0 e 0 =B
_CCCUD C - "\,\\ R \ - "---..::m;_ ........... 1 c _Q_J‘
£ ) - ~ ~. ORNO)
% z -1 0— \\- - \ w o
it © - ) TN N . @
% ~~ — N \ (&)
g © 20" ‘ 20 ¢
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g -30— \‘\‘\ ‘\\ E
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(@]
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&

@ Motivation for Delay and Rate-Limiter Compensation
7

Example LHC orbit feedback control

S/

< I T 3, o fate-limted process]. £
o .Or E / IGNGS ) . E s : ," Z
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@ Time Domain: Optimal Controller Design @
i

Including Non-Linearities

= If G(s) contains non-stable zeros e.g. delay A & non-linearities G (s)
6151-S2 2D
: i Ts+1
s with T the power converter time constant, then: G (S) :T
s Using (1) and (3) yields T()(S):FQ(S)-e_ASGNL(S)

Inserting in (1) yields Smith-Predictor and Anti-Windup schemes:

anti-windup internal external
noise hoise

i d
LHC (process)
+ +
+ +
e-lS G (S) = actual state
Onbit Corrector

FO(S) > Sﬂveiﬂﬂrce _______ |

feed-forward

lgain-scheduling rate limiter

nz

=g

I

I

I

I + <
reference—l@— SVvD

I

I
I
I BPM failure
I
I

Smith-Preditor

(1-e7) G(s)

Beam Position
Monitor

|
detection I

feedback path Mint(s) IVI (S) -
_Feedback Controller | *
D, (s) gains are independent on non-linearities and delays!! 9,
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|@ii Performing Tune/Q' FB: Measurement Options

DIPAC'07, Feedbacks on Tune and Chromaticity, Ralph.Steinhagen@CERN.ch, 2007-05-22

Classic kicked or chirp excitation: SN 7759
. . . | Start Turn = 0
— limited by aperture constraints 0
20

* Performance reduction (lepton machines) o
— typically: Az < 0.1c | ‘J
* Loss of particles & protection (hadron machine) ™|

Position
1
=]
[=]
1
KN

i

— LHC: Az<25 um & Ap/p <5-10° 601
i : 1 typical: AQ__=107?
— limited by emittance blow-up (hadron machines) S0 S S R

Passive monitoring of residual oscillations:
— Schottky monitors
— Diode-based Base-Band-Q (BBQ) meter

— also measures incoherent external noise
propagating onto the beam

Active Phase-Locked-Loop (PLL) systems

— In combination with RF modulation — chromaticity tracking
typical: AQ__= 10 ...10°%'%/?4
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i@ii Classic Phase-Locked-Loop Scheme

A-sin(21'rfe) reference signal
" orece | lowonee | A Af
5 | Phase Low-pass ¢ | Control Law -
g | Detector ] Filter | D(s) NCO
p _ _ A _ _ _ ___ ]
7 R(f)-cos(2mf -Ag)
8 ?700—"”"”"”"”"””‘izoom £A|n(2nf)
S o, - m
£ T 1 o600 180 @ :I'_'l
9 I UC) - T ] |
- l | & 500" IN ERY
¢ - ' | A X \ 140 87
% beam | T § 400; /A \ =g |:|_—'
£ pICkup e - N\ — 100 -C kicker
S £ 300
o °E /\X(\ 90° — 80
£ 200" - 60
E : // \ \\ a0
S 100;/ N =20
& 00308 0309 031 0311 0312 °
% tune [f ]
<
% GBeam<w):R(w) o)
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Classic PLL Detector
@]

Zexciter(t)ﬁ_> fo —» Zdet(t)
Zinput(t)
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Zdet<t):LP Zinput(t)°Zexciter(t))
=LP(R(f,)-cos(2m f,—A@(t))-Asin(2m f,)

:ATRsin(Acp(t)) + ATRsin A (1))
\ v )
for small phases removed by low-pass filter
~A (1)

Pro: robust analogue circuit implementation possible
Con:
— non-linear control signal for large phase difference Ag

— Control signal depends on beam response's amplitude R(f)
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i@ii Improved PLL detector: Phase — Amplitude Decoupling @

>
sin(2mrf )
. rect2polar
e — ——® ampl. loop —¥|
Aa
Zinput(t) a I|_p ¢ NCO j
i, "\ [ f 5 phase loop —# ¢
QLP Zexciter( )
cos(2mf )

s Usually further compensation for other non-beam related phase responses:
— constant lag (data processing, cables),
— analogue pre-filters, beam exciter response...

s Rectangular-to-Polar conversion
— e.g. CORDIC algorithm (implements “atan2(y,x)”)

* twice the dynamic range
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i@ii PLL Closed Loop Controller @

s The PLL control loop dynamics and its design split into two parts:

— 700 — I —
5 K —{200 &

S Sl \ & Sl

0 — - i . o 600 1180

8 PLL low pais filter: : \_\\\ / \ e

8 — r — 160

o T= @ 500 . 8.

5 f @ - —{140 §

E - S 400: 120 @

S — Beam response: 2 / \ \ S

c : N : —100 £

: — open loop gain K| £ 300- / \ \ =N <

7 . first order: K, = const. 200 60

> : / \ :

& N / \ —40

2 K 1 100;/ \\ 120

2 _ 0 - _ - =

g GPLL(S)_ 1 Wlth T_ 07\ T I I I 1) 1 “‘I-_\‘——\—_—I__—_I_ﬁ_l_o

g TS+ S 0.308 0309 031' 0311 0312

© tune [f ]

= — Youla's affine parameterisation: — yields optimal Pl controller

E 1 : T 1

£ D(s)=K,+K,— with K,=K,— AN K,=K,—

~ P I p 0 I 0

£ S X X

&

(@)
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Working Example: SPS PLL Tune Tracking

—  04r
o -
‘o 0.35[
S -
= 03¢
8 -
S 0.250
N
S 02F
-: |
0.15;
0.1

E‘a—_

% 100
tune trace f\

phase response J M% % -150
_amplitude response | (1) 900
2 4 6 8 10 12

time [s]
Phase error and non-vanishing amplitude indicate lock during ramp

0.05

FLT ]

ST

AQ/At| = 0.3 about two orders of magnitude faster than required for LHC
f =43 kHz
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@ Cross-Dependability and Constrains of FB Loops @
i

- Coupling I/l

« Strictly speaking: PLL measures eigenmodes (Q,, Q,) which in the presence
of coupling may be rotated w.r.t. unperturbed tunes (q_, q, A= |qy — qy|):

1

Q1,2:§

(qx—l—qyi\/A2-|—|C_|2)

0,726+ -

0,7201 :

0,716 1 © Tune FB on Q1,Q2 onIy

"2 : E E : : would break here | : - courtesy P. Cameron 3 \
13106130 13:06:50 13:07:10 13:07:30 13:07:50 13:08:10 13:08:30 13:08:50 13:03:10 13:09:30 13:09:50 13:10:10 13:10:30 13:10:50 13:11:10
Time (Start Fill = 7323)

s Possible improvement:
— optimise tune working point (larger tune-split),
— vertical orbit stabilisation in lattice sextupoles,
— active compensation and correction of coupling

DIPAC'07, Feedbacks on Tune and Chromaticity, Ralph.Steinhagen@CERN.ch, 2007-05-22
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@ Cross-Dependability and Constrains of FB Loops Il/I @
7\ - Coupling I/l

s Measure ratio between regular and cross-term:

— A, "horizontal” eigenmode in vertical plane

- A “horizontal” eigenmode in horizontal plane

A A
ro=—=tt A =2t
Al,x A2,y
2\ ryr (1—r,r,)
= |C |_|Q1 Q2| 1 22) _|Q1 Qz‘ 1+l" rz)
= Decoupled feedback control
- Q,q, — quadrupole circuits strength
|C, X — skew-quadrupole circuits strength

implemented and tested at RHIC

R. Jones e.al., “Towards a Robust Phase Locked Loop Tune Feedback System”, DIPAC'05, Lyon, France, 2005
P. Cameron, this workshop's Poster Session 19/24
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@ Cross-Dependability and Constrains of FB Loop @
i

- Nested Feedback Loops

s Traditionally loop designs are often addressed one-by-one

— neglects cross-dependence and cross-constraints w.r.t. other nested FB loops

§ - AQ,AC Tune/Coupling (skew) Quadrupole settings

0 Qe C e 2 > Controller

S Q

N avg

8 AQ'ref

Z

i Amplitude AQmodl Chromaticity| AQ' Chromaticity Sextupole Settings

é Detector Reconstr. Controller

o Ap/p RF

& f modulation

% A-sin(2Trf)) reference signal

& L.L Phase Low-pass lSEI PLL-Control Law Afl

'“?; Detector ™ Filter | e.g. PID NCO

5 beam response signal A-sin(2, A Y
o R(f )-sin(2mf_+@)

@©

GCJ < . . P
5 lelpickup  beam response AC dipole-H V e
5 Tune/Coupling PLL

s Chromaticity Tracker/Feedback

Lgf_ Tune/Coupling Feedback further: fy,(PLL) » f5,(Q) » f5,(Q, C)
< = cascading & separation of operational range (e.g. bandwidth or amplitude)
&)

= cross-dependence with orbit and energy feedback (dispersion orbit) 20/24
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What Makes the PLL Break
- Tune Width Dependence

—Q=2 - H T T trTT ‘ " o=
L o o R | e P— _Q:Z
5 e | 2 o — oo
- — Q=20 o -ZUL —Qq=
: g N
: % A\ 5
B 12 60C \ ]
L _ (O] r B
B / \ ] @ -80° .
c L Nl _
- 1 =-100" i
C 1 E - \ ]
| it oo AN :
B Tune width change — .
- L - change of phase slope (K) > \\\ ]
L I \an.__ & 0 \\\\\—‘ .
__________________________________________________________________________________________ L — T ]
:\ 1 | | | | | | 1 | | 1 | | 1 | | 1 | | | | | | 1 \: —180, —
0.307 0.308 0.309 031 0.311 0-312tun£-[?1?]’ 0.307 0.308 0309 0.31 0.311 0'.312t' 0.[?1?
rev une

Optimal PLL parameters (tracking speed, etc.) depend - beside measurement

noise — on the effective tune width.

Intrinsic trade-off;

— Optimal PI for large AQ < sensitivity to noise (unstable loop) for small AQ

— Optimal PI for small AQ <> slow tracking speed for large AQ

Can be improved by putting knowledge into the system: “gain scheduling”
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@ What Makes the PLL Break
7

- Erroneous Locking on Synchrotron Sidebands

= Qualitatively: PLL locks on the largest peak within the bandwidth

N . . . A0, L O TR— T i —
< = Option I: gain scheduling @ {a) | I I ‘ 'A Ah I L Ml " |

S o _ Logttug _ionce /lack d,m LA,

e — initial lock: open loop band- Bl ;—J NS

z width to cover more than one T = i | rf b IR S LT

LLl . . . i :

g side band (PLL noise ~ chirp) ‘" S| I{JI

g At . ] : AR EAY I:Jlk)ul\ '

g » side-bands “cancel out” i i | i

ko) 11— : BW ‘

2 * strongest resonance prevail§mE Lo spant 1 kHz
k: B Harker 28 030.0 Az -20.732 deg
> — once locked: 18

g reduce bandwidth for better | phase response
£ stability/resolution N T — |

< i 1 W LN

o fdiy A £ R

- s Option II: larger excitation bandwidth By "!'“{f- \w"“‘L\ o

P — multiple exciter or broadband excitation™_;, — DA SO !

§ ‘deg | courtesy C.-Y. Tan, FNAL | | el
§ Lenters 28,03 kHz Gpan: 1 kHz
5

&

(@]
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What Makes the y

s High-sensitivity PLL that operates within the transverse feedback “noise”
(alternative: pilot/sacrificial bunch)

— Pro: range separation minimises inter-loop coupling effects

— Con: PLL does not benefit from suppression of coupled bunch modes

* e-cloud, impedance, beam-beam, ....

1.2-  2.875E+9- : -120
= ~160

1.1- i
2.825E+9 140
1 -1z0
-100
0.9-
&0
D.E- &0
40
= 0.7-
& 20
1 i) =
L -0.16 Zn 2
=
=
=

—-120
—-140
—-180

1 [ ] ] [ ] [ ] [ ] [ ] 1 [ I [ 1 [ ] [ 1 013 —-1&0 23/24
75 100 125 150 175 200 225 250 275 300 325 350 375 400 425 450 475 500 525 550 575 600
Time
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Summary

Beam-based FBs are remedies for perturbations on slow/medium time scales

— Feedbacks on orbit/energy are standard, tune feedbacks quite common

* Hadron machines starting to recognise their necessity

— Chromaticity feedbacks still require pioneering work (LHC first?)

s Feedbacks are only as good as the measurements they are based upon!

— Systematic and thorough analysis of involved beam instrumentation and
corrector circuits is essential!

= Youla's affine parameterisation facilitates optimal adaptive non-linear control
— enables gain-scheduling based on operational scenario
— (Ziegler-Nichols/Coohen-Coon PID tuning are outdated!)

s Beware of cross-constraints/coupling of simultaneous nested loops
— May break a loop near you
— Feedbacks should be designed as an ensemble

DIPAC'07, Feedbacks on Tune and Chromaticity, Ralph.Steinhagen@CERN.ch, 2007-05-22
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i@ii Expected LHC Tune Footprint
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Non-linear Slew-rate Limited Exciter Response
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Tune and Chromaticity Perturbations Sources

Lepton and warm hadron accelerator

systematic quadrupole and dipole power supply drifts and ripples
hysteresis and temperature effects of magnet yokes

dipole to quadrupole tracking errors during ramp
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