Intro to Controls and the new
Controls Working Group



LIGy .
VIRGZ” Many other controls tutorials

* G1600726 - Intro to Control Theory for LIGO People
(3 separate lectures)

e G1601417 - SURF lectures: Introduction to controls
e G1600525 - Introduction to controls in LIGO

* G1400557 - State-Space Methods for Feedback
Control

 G1400102 - Introduction to State Space Control
Techniques

- This list may not be exhaustive



LIG .
V.Rc,é’) Outline

* Controls tutorial
— Feedback control signal flow
— Transfer function models
— Feedback stability

e Control System Working Group (CSWG)



v.k'gé’) Why we need control

» The ground moves Fabry-Perot cavity

and disturbs our 2@6‘5&
mIrrors.

e We use control to

keep the cavity
lengths fixed and D — ||

the mirrors aligned ' L___’I,

Ref G1600525
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VIRG HAM-ISI Example

CAD model of HAM-ISI in a HAM

chamber Photo of a HAM-ISI

Credit: HPD



G

VIRG HAM-ISI Example

1]
N ]
C

Model:

single DOF mass-spring-damper system . ' :
Photo of a HAM-ISI
Credit: HPD

Physical parameters used in these slides: k = 250,000 N/m, m = 1900 kg, c = 870 N/(m/s)
Values adapted from G070156, slides 55 & 63: m = mu, k = kzztot, c was chosen to match measured data



Advanced LIGO

Optical Layout, L1 or H1

with Seismic Isolation and Suspensions
G1200071-v3

J. Kissel Nov 4 2013
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Advanced LIGO

Optical Layout, L1 or H1

with Seismic Isolation and Suspensions
G1200071-v3

J. Kissel Nov 4 2013
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wk'gy Feedback loop block diagram

X

8 Current
position
—> HAM-ISI >
Position P
sensor A
Current position
\ . «— Desired position
()
[
k ’—>
/
m e

\E =N

X, C




v.k'c?&’) Feedback loop block diagram

X

Desired 8 Current
position position
—> HAM-ISI >
Position P
sensor A
Current position
\ . «— Desired position
211 x(t)
[
k ’—>
/
m e

\E =N

X, C

10



v.k'c?&’) Feedback loop block diagram

X

Desired 8 Current
position position
—> HAM-ISI >
n Position p
sensor A
Current position
\ . «— Desired position
211 x(t)
[
k ’—>
/
m e

\E =N

X, C

11



LIG -
V.RGQ’) Feedback loop block diagram
X
Desired f l 8 Current
L "
posTon + Actuator @— HAM-ISI i on)
n Position |
sensor A
Current position
\ «— Desired position
L_E ~ _E_ : x(t)
k | ’—>
— MW f

m _>

D%

o =]

12

s
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v.k'é*@’) Feedback loop block diagram

xg
Desired Current
position f position
t_ Actuator + - HAM-ISI >
n Position
sensor X

Current position

\ _, ,«— Desired position In general unstable!

L 1 x(t)
k

Time (saconds)



wk'c?y Feedback loop block diagram

Desired
position

n

Current

Control

Actuator

I
oS

position
HAM-ISI >

Current position
«— Desired position

=),

>

k

x(t
’—>

)

AW

D%

]
_
¢

s
oo

Position
sensor

X

e Stabilize with the
addition of a control
filter

e Also gives you
parameters to tune
the response

14



Transfer functions

Used for modeling each block in the
loop



v.k'c?&’) Feedback loop block diagram

xg
Desired l Current

position f position
Control [ Actuator —G)— HAM-ISI >

\
n Position

Each block has a model associated with it.
-typically represented a as transfer function

16



v.k'c?&’) Feedback loop block diagram

Desired
position

Control

\

Actuator

|

il

Position

_ Current

HAM-ISI

osition
>

Each block has a model associated with it.

-typically represented a as transfer function

17



v.k'é*@’) Feedback loop block diagram
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LIG :
vire/ System models: Transfer Functions

Bode plot of the x/f transfer function

107 10° 10!
Frequency (Hz)



G

ViR TF input/output relationship

1 Hz Excitation

1

Actuator signal

0.6

i

Signal Value

08 Displacement signal

L Vv vy vV .V V

0 1 2 3 4 5 7

Time
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vire/ System models: Transfer Functions

Bode plot of the x/f transfer function

107 10° 10!
Frequency (Hz)
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vire/ System models: Transfer Functions

Bode plot of the x/f transfer function
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LIG :
vire/ System models: Transfer Functions

Bode plot of the x/f transfer function

10" - | X 1
108 | — = - Transfer function equation

al T 2
10” f ms- +cs+k (Laplace transform of diff. equ.)

8 where

S w0 |§ =127 * Frequency
.

o

107 10° 10’
Frequency (Hz)




G

VIRG What determines the TF?

x(t)
’—>

\ f
m e ——
1]
N
C
Time Domain Frequency Domain

Transfer function

Differential equation
Laplace X 1

Transform

f ms>+cs+k

mx+cx+kx=f
Replace all time
derivatives with s

24



G

VIRG What determines the TF?

Transfer function

ms*+cs+k=0

f ms +cCs+ k Roots of polynomial —> poles

poles =0 xiw

25



G

VIRG What determines the TF?

Transfer function

ms*+cs+k=0

f ms +cCs+ k Roots of polynomial —> poles

poles =0 xiw

The poles are the system time constants

N

X[t] _ Ale(aﬂ'a))t N Aze(cr—ia))t + xf

Solution to the differential equation

26



VIRG Control design: poles and zeros

Recall: s =127 f togenerate the bode plot

102
=1 Hz pole: 1/(s+2n)
- —1 Hz zero: s+2r ST

—_
O—L
|

%+2n
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I LHP Zeros: +90 deg phase, f mag -
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vire/ System models: Transfer Functions

Bode plot of the x/ftransfer functlon

z | 1.8 Hz
£V Ix 1

] 2
210° | f msT+cs+k T
- Complex pole pair

T s =18%2m(-00221)
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vire/ System models: Transfer Functions

Bode plot of the x/ftransfer functlon

510-4: X 1 1.8 HZ 4

. 2
210° | f ms +cs+k T

- Complex pole pair

T s - 18%2a(<002:1i)

pole

1

resonance fI'€qll€Ile = —2 \) pole
JU
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Frequency (Hz)
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vire/ System models: Transfer Functions

Bode plot of the x/ftransfer functlon

2 ' 1.
0 | x | 8 Hz

. 2
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vmdy Poles in the complex plane

=-0.814+8.10i

S pole

10 Complex plane pole map

8 ><
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o

s Xi Conjugate pair ||
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LIG :
vmc@ Poles in the complex plane

=-0.814+8.10i

S pole

10 Complex plane pole map

8" JIUEED & SEET / Radius = natural frequency

A~ O

Imaginary axis (rad/s)
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VIRG

Poles in the complex plane

=-0.814+8.10i

S pole

Complex plane pole map

A~ O

Imaginary axis (rad/s)

———
-
"
-

/ Radius = natural frequency

sin(angle)= damping ratio
Q = 1/(2*damping ratio)

)
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Real axi

w
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vmdy Poles in the complex plane

=-0.814+8.10i

S pole

10 Complex plane pole map
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vmdy Poles in the complex plane

S pore = —0.814 £8.10i
10 Complex plane pole map
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Resonance Quality (Q) factor

Magnitude (abs)

Phase (deg)
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Bode Diagram
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vmdy Resonance Quality (Q) factor

5 %107 | | Hl-l\M-ISI |T|odel ir{npulse[respon‘se

\
Can also measure Q by the ringdown time constant

Signal y (arbitrary units)

0 1 2 3 4 5 6 7 8 9 10
Time t (seconds)



Feedback Stability



L1G

vmy Feedback loop block diagram

Desired
position

Control

[
Actuator —G‘)—

HAM-ISI

Current
position

Position

>

SENSor

39
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vmy Feedback loop block diagram

Desired
position

I
oS

Current
position

>

40



v.k'ﬁé’) Feedback loop block diagram

I
oS

Current
position

>

Desired
iti
position c
n
H
X = Xg
1+CAHS

Seismic noise transmission

41



v.k'c?&’) Feedback loop block diagram

Desired
position

X
f l 8 Current
position
A —( :)— H >

H

" T 1 {CAHS<

_— Loop gain transfer function

Seismic noise transmission 42



v.k'c?&’) Feedback loop block diagram

xg
Desired l Current

osition f osition
P C A —@— H i >

H

X = X : .
g| _ Loop gain transfer function
| HCAHS)< T caris - 1= bac

Seismic noise transmission 43




V.E&E’) Feedback loop block diagram

Pl

Current
position

LO]

>

Desired
position
n
H
X = X
1+ CAHS ¢

X

- —-CAH .
1+ CAHS

Seismic noise transmission

Sensor noise transmission 44



viRS Ex. Loop Gain TF: CAHS

Loop gain transfer function
=

Lo 1 L /|

10" 10° 10" 102 10°

Frequency (Hz)

Matlab for control filter: C =

zpk(-2*pi*3.33,-2*pi*[30;100],1.4e+10)

45




G

VIRG

Ex. Loop Gain TF: CAHS

Loop gain transfer function
=

Unity crossing

y-

&«

-180 crossing

Lo

L

10°

10’

Frequency (Hz)

102

10°

Matlab for control filter: C = zpk(-2*pi*3.33,-2*pi*[30;100],1.4e+10)

46




VRS Ex. Loop Gain TF: CAHS

Loop gain transfer function
=

Unity crossing

y-

-180

-180 crossing
/

-225 - |t never hits

-1.1s

it stable?

-270 -

Lo | L

Lo I |

10" 10°

10" 102 10°

Frequency (Hz)

Matlab for control filter: C =

zpk (-2*pi*3.33,-2%pi*[30;100],1.4e+10)




VRS Ex. Loop Gain TF: CAHS

Loop gain transfer function
=

Unity crossing

y-

-180

-180 crossing
/

-225 - |t never hits

-1.1s

it stable? YES!!!

-270 -

| |

L

L 1

10" 10°

10" 102 10°

Frequency (Hz)

Matlab for control filter: C =

zpk (-2*pi*3.33,-2%pi*[30;100],1.4e+10)




WESY  Ex. Loop Gain TF: 50*CAHS

Loop gain transfer function
T T T T T T ‘ T T

Unity cross

© -135

-180 crossing\
-180

225 |t never hits -1. Is it stable?
_270_ 1 T i R W W T | \ R T N O O I

-1 | 0 1 | 2 | N 3
10 10 Frequlnocy (Hz) 10 10

— o o o o o . . . =
- o o o o o o (e . . -

Phas

Matlab for control filter: C = zpk(-2*pi*3.33,-2%*pi*[30;100],7.0e+11) *




WESY  Ex. Loop Gain TF: 50*CAHS

Loop gain transfer function
T T T T T T ‘ T T

Unity cross

— o o o o o . . . =
- o o o o o o (e . . -

-180 crossing\
-180

2251 It never hits -1. Is it stable? NO!
_270_ 1 T i R W W T | i

-1 0 1 2 3
10 10 Frequlnocy (Hz) 10 10

.

Matlab for control filter: C = zpk(-2*pi*3.33,-2%*pi*[30;100],7.0e+11)




w'ﬁ'ﬁy Another Loop Gain Example

Multiple 180° crossings. Stable?

| Crosses -180, but still stable
because it is before the unity gain
frequency

270 e—4
107 107 10™

-180

Frequency (Hz)

Matlab for control filter: C = zpk(-2*pi*[2,25/3],-2*pi*[0.01,25*3,100],9.1el0)




w'ﬁ'ﬁy Another Loop Gain Example

Multiple 180° crossings. Stable? Yes!

| Crosses -180, but still stable
because it is before the unity gain
frequency

270 e—4
107 107 10™

-180

Frequency (Hz)

Matlab for control filter: C = zpk(-2*pi*[2,25/3],-2*pi*[0.01,25*3,100],9.1el0)
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VIR This is Stabl
is is Stable!?
. Quad SUS modal damping simulation
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This is Stable!?

- -
o o
o N

Magnitude (abs)
S

Phase (deg)

Quad SUS modal damping simulation

:

A

> 1 region

Frequency (Hz)

unity
gain

-180
+180
-180

+180
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éR This is Stable!?

Quad SUS modal damping simulation

10° A

unity
gain

> 1 region
| +180° crossing

—_—— - — e —— - -180
1080+ |! l\ ]
— E—— +180
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360 _

S A s o -Fﬁ— ———————— +180
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Frequency (Hz) 55



MEDM - user interface screens

ADC 2

Pressure (torr)

HS1 - PreFilters

OSEM - PreFilters

0SEH Alignment.

Suspension 0SEMs - InFilters

L 6422, 804
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.

X S1ISI_CUST_CRYO_OVERVIEW.ad|

TEHP
HS1 - OQutFilters TEMP QutFilters
Braid tip
After CP2
SUS spring
HS bot
Test mass

EHP InFilters

fActuators - OutFilters

0SEM Alignment

Suspension 05EHs - InFilters
SUS Vert Actuator |
—— 0o

e Fle Et Dwa Pt View window

V= 0302374, 144,843

[ 141 [N |2
AN

Reference GDS_TP screenshots at ETF log &

E

DGD5-TP-151 2z
QPressure Monitor | iTenp Sensor Current | HGIS-TP-I0P v
2]
L je)
o1
cwe
00 slisirpp * B |
File Edit View Display Diagram Simulation Analysis Code Tools Help
P~ <@ > A v 2000 Normal
slLisiry
© [Falstisirpp >
@
&
- <adc 2 0> L 1
=) <adc 2 1> i
<adc 2 2> piny
(&= <adc 2 8> =
ciuParaneers iy v '
v
O cran 12 brken sere o 200 8
<o 27> ey 4ligo-0ps2, localhost10.0, Unitied

@

- Matlab - realtime code
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vn'ﬁ'gy Controls text books

 Digital Control of Dynamic Systems, 3™ Ed.
Franklin, Powell, and Workman.

— Main focus is on the control of digitally sampled

systems, but also has a good review of continuous
control, system identification, optimal control,
and nonlinear systems.

e Modern Control Engineering, 5t" Ed. Ogata

— Standard introductory text to control



Control System Working Group
(CSWG)



wESY/ Control System Working Group

(CSWG)

 Formally organized at the March 2016 LVC

* Group charter at M1600033

* Chair: Dennis Coyne.

* Deputy co-chairs: Brett Shapiro, Robert Ward.

59



V.'F-ng) CSWG Role

The CSWG is unigue among working groups

* Feedback control is used by many of the other
instrument science working groups.

* |t’s relevance is demonstrated through
application to the other working groups.

60



V.'ﬁ'gy) CSWG Role

e Support of other groups

— training references: G1600726, G1601640, G1601417,
G1600525, G1400557, G1400102

— support of particular problem areas
— review the applicability of new controls techniques

* Research into advanced techniques
— Machine learning
— Feedback optimization (automated design)
— efc

61



LIG . . o
vmey 5 current focus areas identified

* 5 problem/focus areas identified to support
CSWG's role
* Getinvolved in these focus areas!
1) IFO lock maintenance with machine learning
2) Test mass length-to-angle decoupling

3) Feedback optimization
4) Transfer function fitting algorithms

5) IFO earthquake robustness
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e The CSWG is not restricted to these 5 areas

* Please suggest any other areas the CSWG
should prioritize
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Bi-monthly Teamspeak meetings

* US-western hemisphere: 1st Fri of the month,
9am US-PT (6pm CET, 9:30pm IST)

e US-eastern hemisphere: 3rd US Thu of the
month, 4pm US-PT (Fri 9am AET, 8am JST,

4:30am IST)
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CSWG Wiki

(M2J)INIRGO

CSWG
Hello Brett Shapiro?

— Create personal sidebar

Toolbox
[Z] Create New Topic
= Index
| Search
Changes
=7 Notifications
.| RSS Feed
|2 Statistics
&° Preferences

Webs
AIC
Bl ALIGOSystemsAcceptance
H AuthProject
M Bursts
BayesWave
EMFollow
GRBEXxternal
GWNU
W LB
CSWG
L2A_Decoupling
Ccw
Calibration
ComputerSecurity
DAC
DASWG
DetChar
ALIGOpapers
BilinearCouplingVeto

You are here: LIGOWiki > CSWG Web > WebHome (19 Aug 2016, BrettShapiro) Edit Attach

Welcome to the CSWG web

+ Overview

+ How to Join

+ Meetings and Notebook

+ White Paper

1+ Focus Areas

+ List of Models and Measurements
+ CSWG Web Utilities

Overview

The Control System Work Group (CSWG) covers fundamental and applied research in control systems as it relates to GW interferometers, including:

system identification

modeling

synthesis,

analysis,

optimization

performance assessment,

hardware and software implementation

The role of the CSWG is unique within the LSC'’s instrument science working groups. The use of control systems is pervasive within, and enabling to, the work of many of the other
instrument science working groups. In addition to supporting its own fundamental research in cutting-edge control system techniques, the CSWG should support and enable the
research of other LSC WGs. The relevance and import of the CSWG’s work is demonstrated through application to the other instrument science subsystems. Consequently there is an
abiding need for significant collaboration between the CSWG and the other instrument science WGs. To foster this tight connection, the CSWG will also develop and maintain control
system documentation relevant to the GW community:

« training references - see intro to controls tutorial at G1600726
« canonical examples

https://wiki.ligo.org/viewauth/CSWG/WebHome =
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CSWG tools

alog

Mailing list

https://alog.ligo-la.caltech.e

CSWG Logbook
Logbooks .

e O

brett.shapiro@L1G0.0RG FYIEEET]

Reports until 12:54, Friday 24 June 2016
Case study General 5| e
juan barayoga@shibbi. pki.tc.u-10kyo.ac.Jp - posted 12:54, Friday 24 June 2016 (11192)
testing KAGRA IdP

S| ADD ComMENT [

this is a test.

(Case study System identiication (SE) > DT |5 ADoComENT [
jeffrey.kissel @LIGO.ORG - posted 18:02, Thursday 16 June 2016 (11189)
KAGRA's Representative, or

J. Kissel, T. Seniguchi, Y. Michimura A. Shoda

As always, Im interested motion the question "how can we improve the chanical, via controls, etc)?"
he mostrecent GWADW meetng, Yuta, Ayaka,ard sl discussad the aest resus om KAGRA0 e fwe could update the together in the 2014
Gontros Warksnop at VIRGO (se )
s such, vula oun agrat-yourdal st pu logher by Takancin e KAGRA DCC, The dataset covers th Kimiok Mine fom 2009 o 2011, showsthe ground maion ASDS sttisically
gatnored i lorms of prcantles, by ago (se ). Seniguchi-san was gracious enough to include a .z fle of the data in the file
His data set was limited above 1 Hz by sensor noise, but that's OK. We take Kamioka mine data below 0.5 Hz, and the KAGR,

For data above 0.5 Hz, I'd asked Ayaka (given her poster at the GWADW Meeting) for some data of her recently deployed seismometer array in the real KAGRA tunnels. As such, she gave me one day's worth of
ASD from their X-end station. We should work on getting more long-term data of the > 0.5 Hz region in due time, but we'll take what we can get for now. Her data lives a personal folder of hers

‘The script to process this data lives here:
/1ig

_KAGRA_GNDASD.m
Non-image files attached to this report

cswg@sympa.ligo.org

Sign up at https://grouper.ligo.org/mailinglists

e Teamspeak channel: CSWG

du/CSWG/

/cswg
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We Need Youl!

Credit: http://einsteinpostdocs.info/

 Many areas where work is needed
* Getinvolved!

* Students encouraged to take a
controls course

e GW interferometers don’t work
without controls!
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v.k'é%’) Control design: poles and zeros

Recall: s =127 f togenerate the bode plot

Bode Diagram
Fof |

| —1 Hz pole: 1/(s+27)
==1 Hz zero: s+2m
s=127f for bode plot

Magnitude (abs)
o
o
|

—
OI

[
[ J

: LHP Poles: -90 deg phase, 1/f mag 3
‘| * LHP Zeros: +90 deg phase, f mag -

—_

>,

o
I

I| T T T T 7T | T T T T T T T7 ! 7 = ==

- .
. Note, don’t ever use these unless you have a really good reason:

Phase (deg)
(@)
|

* RHP Poles: +90 deg phase, 1/f mag (unstable)

- _ * RHP Zeros: -90 deg phase, f mag (stable, but usually make feedback less stable)
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1) Machine Learning for lock maintenance

- Leader - Rob Ward

- Use an algorithm to ‘learn’ the best way to
maintain lock

- See example of acquiring a Bose-Einstein
condensate

P. B. Wigley, et al. Fast machine-learning online optimization of ultra-cold-
atom experiments. Scientific Reports, 2016; 6: 25890

<
Test mass control

71

Test mass
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2) Length to angle decoupling
- Leader—-TBD

- Separate the problems of controlling cavity
length and alignment. Alignment control is
currently suboptimal and contributing noise to

the IFO.
‘ l Length control drive

72
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3) FB optimization (esp. applied to angular
controls)

- Leader—TBD
- Collaboration with UC Berkeley and Google

Cost function Control Filter

Optimization
Algorithm:
|:> Monte carlo, particle
swarm, gradient
descent, etc

Cost

Magnitude

N\

Parameters Frequency
e.g. filter poles and zeros ”
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4) Transfer function fitting algorithms

Leader — TBD

Motivation: G1601173 - Hopes and Dreams: One TF
Fitting Program to Rule Them All

Various tools exist: vectfit, n4sid, etc. How to best
apply them? Do we need something new?

Part of a more general topic of experiment design
and system identification
Quad PitchTFFit
A A | |€ Model
AL
PN
Measurement

[3)]
o

o

rad/Nm (dB)

—

o
—
o

10° EE7RRRT)
Frequency (Hz)
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5) IFO robust configuration for earthquakes
- Leader — Sebastien Biscans

- We already receive early warnings. How best
to configure the IFO to not loose lock?

Earthquake map — 22 August 2016
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Control Loops Everywhere

e Cavity lengths
* Angular motion of all mirrors

 Motion of the input beam

* Laser power and frequency

Multi-degree of freedom control of
the seismic isolation systems (ISIs)
and suspensions

Stage 2
(supports suspension)

Stage 0-1 Blade Spring

Stage 0 B
(supported by HEPI) ~**

Adapted from G160525



wlég What TFs mean?

1 Hz Excitation

Excitation signal
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1 Hz Excitation

Excitation 5|gna|
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Signal Value
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1 Hz Excitation
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wg@ What TFs mean?

1 Hz Excitation

il | A AN AN AN N Excitation signal

0.8~

Signal Value

0.8 Output signal

O

I\W\

->|

TF phase = (time delay) *frequency*(360 degrees)




