
Intro	to	Controls	and	the	new	
Controls	Working	Group	

Bre%	Shapiro	
	

31	August	2016	
LAAC	Session	

LVC	Glasgow	Scotland	

G1601640-v2	



Many	other	controls	tutorials	

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

•  G1601417	-	SURF	lectures:	IntroducOon	to	controls	
•  G1600525	-	IntroducOon	to	controls	in	LIGO	
•  G1400557	-	State-Space	Methods	for	Feedback	
Control	

•  G1400102	-	IntroducOon	to	State	Space	Control	
Techniques	

G1601640	

-	This	list	may	not	be	exhausOve	



Outline	

•  Controls	tutorial	
– Feedback	control	signal	flow	
– Transfer	funcOon	models	
– Feedback	stability	

•  Control	System	Working	Group	(CSWG)	



Why	we	need	control	

Ref	G1600525	

Fabry-Perot	cavity	•  The	ground	moves	
and	disturbs	our	
mirrors.	

• We	use	control	to	
keep	the	cavity	
lengths	fixed	and	
the	mirrors	aligned	
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HAM-ISI	Example	

Photo	of	a	HAM-ISI	
Credit:	HPD	

CAD	model	of	HAM-ISI	in	a	HAM	
chamber	



HAM-ISI	Example	

Photo	of	a	HAM-ISI	
Credit:	HPD	

f

Model:	
single	DOF	mass-spring-damper	system	

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	
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Feedback	loop	block	diagram	
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Feedback	loop	block	diagram	
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Feedback	loop	block	diagram	

HAM-ISI	

PosiOon	
sensor	

Current	
posiOon	

Desired	
posiOon	

Actuator	+	-	

12	

x

f

Current	posiOon	
Desired	posiOon	

f

+	

xg

xg

+	n



Feedback	loop	block	diagram	
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In	general	unstable!	



Feedback	loop	block	diagram	
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•  Stabilize	with	the	
addiOon	of	a	control	
filter	

•  Also	gives	you	
parameters	to	tune	
the	response	
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Transfer	funcOons	

Used	for	modeling	each	block	in	the	
loop	



Feedback	loop	block	diagram	
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Each	block	has	a	model	associated	with	it.	
-typically	represented	a	as	transfer	funcAon	



Feedback	loop	block	diagram	
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Feedback	loop	block	diagram	
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Each	block	has	a	model	associated	with	it.	
-typically	represented	a	as	transfer	funcAon	



Bode	plot	of	the	x/f	transfer	funcOon	

f

System	models:	Transfer	FuncOons	



TF	input/output	relaOonship	

Time	
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1	Hz	ExcitaOon	
Actuator	signal	

Displacement	signal	



Bode	plot	of	the	x/f	transfer	funcOon	

f

System	models:	Transfer	FuncOons	



Bode	plot	of	the	x/f	transfer	funcOon	
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System	models:	Transfer	FuncOons	



Bode	plot	of	the	x/f	transfer	funcOon	

System	models:	Transfer	FuncOons	

x
f
=

1
ms2 + cs+ k

s = i2π *Frequency
where		

Transfer	funcOon	equaOon	
(Laplace	transform	of	diff.	equ.)	
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f

What	determines	the	TF?	

m!!x + c!x + kx = f
x
f
=

1
ms2 + cs+ k

Time	Domain	
	

DifferenOal	equaOon	

Frequency	Domain	
	

Transfer	funcOon	
Laplace	

Transform	

Replace	all	Ome	
derivaOves	with	s	
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What	determines	the	TF?	

x
f
=

1
ms2 + cs+ k

Transfer	funcOon	

Roots	of	polynomial	–>	poles	

poles =σ ± iω

ms2 + cs+ k = 0
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What	determines	the	TF?	

x
f
=

1
ms2 + cs+ k

Transfer	funcOon	

x[t]= A1e
σ+iω( )t + A2e

σ−iω( )t + x f

Roots	of	polynomial	–>	poles	

The	poles	are	the	system	Ome	constants	

SoluOon	to	the	differenOal	equaOon	

ms2 + cs+ k = 0

poles =σ ± iω



Control	design:	poles	and	zeros	
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•  LHP	Poles:	-90	deg	phase,	1/f	mag	
•  LHP	Zeros:	+90	deg	phase,	f	mag	

s = i2π f to	generate	the	bode	plot	Recall:	

s+ 2π

1
s+ 2π



Bode	plot	of	the	x/f	transfer	funcOon	

System	models:	Transfer	FuncOons	
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spole =1.8*2π −0.02±1i( )

1.8	Hz	

f



Bode	plot	of	the	x/f	transfer	funcOon	

System	models:	Transfer	FuncOons	

x
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spole =1.8*2π −0.02±1i( )

1.8	Hz	
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2π
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Complex	pole	pair	



Bode	plot	of	the	x/f	transfer	funcOon	

System	models:	Transfer	FuncOons	

x
f
=

1
ms2 + cs+ k

spole =1.8*2π −0.02±1i( )

1.8	Hz	

resonance frequency = 1
2π

spole

Q =
1

2 *(damping ratio)
=

1
2 *sin(angle(spole ))

Complex	pole	pair	
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spole = −0.814±8.10i

Poles	in	the	complex	plane	

Conjugate	pair	



32	

Radius	=	natural	frequency	

Poles	in	the	complex	plane	
spole = −0.814±8.10i
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Radius	=	natural	frequency	

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

Poles	in	the	complex	plane	
spole = −0.814±8.10i
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Poles	in	the	complex	plane	
spole = −0.814±8.10i

Transfer	FuncOon	

Frequency	
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Poles	in	the	complex	plane	
spole = −0.814±8.10i

Transfer	FuncOon	

Frequency	



Resonance	Quality	(Q)	factor	

Δf
fR

2 Q =
fR
Δf



Resonance	Quality	(Q)	factor	

Can	also	measure	Q	by	the	ringdown	Ome	constant	

Q =
2π fR t2 − t1( )
ln y1

y2( )Si
gn
al
	y
	(a
rb
itr
ar
y	
un

its
)	

Time	t	(seconds)	



Feedback	Stability	



Feedback	loop	block	diagram	
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Feedback	loop	block	diagram	
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Feedback	loop	block	diagram	
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Feedback	loop	block	diagram	

H	

S	

Current	
posiOon	

Desired	
posiOon	

A	+	-	 C	

42	

x

f
+	

xg

+	n

x = H
1+CAHS

xg
Seismic	noise	transmission	

Loop	gain	transfer	funcOon	



Feedback	loop	block	diagram	
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Feedback	loop	block	diagram	
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Ex.	Loop	Gain	TF:	CAHS	

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



Ex.	Loop	Gain	TF:	CAHS	
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Unity	crossing	

-180	crossing	

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



Unity	crossing	

-180	crossing	

Ex.	Loop	Gain	TF:	CAHS	
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It	never	hits	-1.	Is	it	stable?	

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



Unity	crossing	

-180	crossing	

Ex.	Loop	Gain	TF:	CAHS	
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It	never	hits	-1.	Is	it	stable?	YES!!!	

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

-180	crossing	

It	never	hits	-1.	Is	it	stable?	

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

Ex.	Loop	Gain	TF:	50*CAHS	



Unity	crossing	

-180	crossing	
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It	never	hits	-1.	Is	it	stable?	NO!	

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

Ex.	Loop	Gain	TF:	50*CAHS	
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Another	Loop	Gain	Example	

Matlab	for	control	filter:	C = zpk(-2*pi*[2,25/3],-2*pi*[0.01,25*3,100],9.1e10)!

PaC

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

-180	

MulOple	180o	crossings.	Stable?	
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Another	Loop	Gain	Example	

Matlab	for	control	filter:	C = zpk(-2*pi*[2,25/3],-2*pi*[0.01,25*3,100],9.1e10)!

PaC

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

-180	

MulOple	180o	crossings.	Stable?	Yes!	
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gain	

Quad	SUS	modal	damping	simulaOon	
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unity	
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>	1	region	
±180o	crossing	



MEDM	–	user	interface	screens	

Matlab	–	realAme	code	

Dataviewer	–		
realAme	signals	

DTT	-	measurements	

Foton	–	install	filters	



Controls	text	books	

•  Digital	Control	of	Dynamic	Systems,	3rd	Ed.	
Franklin,	Powell,	and	Workman.	
– Main	focus	is	on	the	control	of	digitally	sampled	
systems,	but	also	has	a	good	review	of	conOnuous	
control,	system	idenOficaOon,	opOmal	control,	
and	nonlinear	systems.	

•  Modern	Control	Engineering,	5th	Ed.	Ogata	
– Standard	introductory	text	to	control	

G1601640	



Control	System	Working	Group	
(CSWG)	

See	G1601671	



Control	System	Working	Group	
(CSWG)	

•  Formally	organized	at	the	March	2016	LVC	

•  Group	charter	at	M1600033	

•  Chair:	Dennis	Coyne.	

•  Deputy	co-chairs:	Bre%	Shapiro,	Robert	Ward.	
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CSWG	Role	

The	CSWG	is	unique	among	working	groups		
	
•  Feedback	control	is	used	by	many	of	the	other	
instrument	science	working	groups.		

•  It’s	relevance	is	demonstrated	through	
applicaOon	to	the	other	working	groups.	
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CSWG	Role	

•  Support	of	other	groups	
–  training	references:	G1600726,	G1601640,	G1601417,	
G1600525,	G1400557,	G1400102	

–  support	of	parOcular	problem	areas	
–  review	the	applicability	of	new	controls	techniques		

•  Research	into	advanced	techniques	
– Machine	learning	
–  Feedback	opOmizaOon	(automated	design)	
–  etc	
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•  5	problem/focus	areas	idenOfied	to	support	
CSWG’s	role	

•  Get	involved	in	these	focus	areas!	
1)  IFO	lock	maintenance	with	machine	learning	
2)  Test	mass	length-to-angle	decoupling	
3)  Feedback	opOmizaOon	
4)  Transfer	funcOon	fisng	algorithms	
5)  IFO	earthquake	robustness	

5	current	focus	areas	idenOfied	
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AddiOonal	Focus	Areas?	

•  The	CSWG	is	not	restricted	to	these	5	areas	

•  Please	suggest	any	other	areas	the	CSWG	
should	prioriOze	
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Reference	LIGO-G1600275	

A Global Working Group	



MeeOngs	

Bi-monthly	Teamspeak	meeOngs	
	
•  US-western	hemisphere:	1st	Fri	of	the	month,	
9am	US-PT	(6pm	CET,	9:30pm	IST)		

	
•  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	

h%ps://wiki.ligo.org/viewauth/CSWG/WebHome	 66	



CSWG	tools	

•  alog	

•  Mailing	list: 	cswg@sympa.ligo.org	

h%ps://alog.ligo-la.caltech.edu/CSWG/	

•  Teamspeak	channel: 	CSWG	

Sign	up	at	h%ps://grouper.ligo.org/mailinglists/cswg	
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We	Need	You!	

68	

Credit:	h%p://einsteinpostdocs.info/	

•  Many	areas	where	work	is	needed	

•  Get	involved!	

•  Students	encouraged	to	take	a	
controls	course	

•  GW	interferometers	don’t	work	
without	controls!	



Extra	Slides	



Control	design:	poles	and	zeros	
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•  LHP	Poles:	-90	deg	phase,	1/f	mag	
•  LHP	Zeros:	+90	deg	phase,	f	mag	

•  RHP	Poles:	+90	deg	phase,	1/f	mag	(unstable)	
•  RHP	Zeros:	-90	deg	phase,	f	mag	(stable,	but	usually	make	feedback	less	stable)	

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

s = i2π f for	bode	plot	

s = i2π f to	generate	the	bode	plot	Recall:	



5	current	focus	areas	idenOfied	

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	opOmizaOon	of	ultra-cold-
atom	experiments.	Scien2fic	Reports,	2016;	6:	25890	

Test	mass	

Test	mass	control	
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2)  Length	to	angle	decoupling	
-  Leader	–	TBD	
-  Separate	the	problems	of	controlling	cavity	
length	and	alignment.	Alignment	control	is	
currently	subopOmal	and	contribuOng	noise	to	
the	IFO.	

		

Test	mass	

Length	control	drive	

5	current	focus	areas	idenOfied	
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3)	FB	opOmizaOon	(esp.	applied	to	angular	
controls)	
-  Leader	–	TBD	
-  CollaboraOon	with	UC	Berkeley	and	Google	
Cost	funcOon	

Co
st
	

Parameters	
e.g.	filter	poles	and	zeros	

OpAmizaAon	
Algorithm:	

Monte	carlo,	parOcle	
swarm,	gradient	
descent,	etc	

Frequency	
M
ag
ni
tu
de

	

Control	Filter	

5	current	focus	areas	idenOfied	
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4)	Transfer	funcOon	fisng	algorithms	
-  Leader	–	TBD	
-  MoOvaOon:	G1601173	-	Hopes	and	Dreams:	One	TF	
Fisng	Program	to	Rule	Them	All	

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

-  Part	of	a	more	general	topic	of	experiment	design	
and	system	idenOficaOon	

5	current	focus	areas	idenOfied	

Quad	Pitch	TF	Fit	

ra
d/
N
m
	(d

B)
	

Frequency	(Hz)	

Model	

Measurement	
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5)	IFO	robust	configuraOon	for	earthquakes	
-  Leader	–	SebasOen	Biscans	
-  We	already	receive	early	warnings.	How	best	
to	configure	the	IFO	to	not	loose	lock?	

USGS	

Earthquake	map	–	22	August	2016	

5	current	focus	areas	idenOfied	
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•  Cavity	lengths	
•  Angular	moOon	of	all	mirrors	
•  MoOon	of	the	input	beam	
•  Laser	power	and	frequency	
•  MulO-degree	of	freedom	control	of	

the	seismic	isolaOon	systems	(ISIs)	
and	suspensions	

Control	Loops	Everywhere	

Adapted	from	G160525	



What	TFs	mean?	
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What	TFs	mean?	
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1	Hz	ExcitaOon	
ExcitaOon	signal	

Output	signal	

TF	magnitude	=	Amplitude	raOo	



What	TFs	mean?	

Time	

Si
gn
al
	V
al
ue

	

1	Hz	ExcitaOon	
ExcitaOon	signal	

Output	signal	

TF	magnitude	=	Amplitude	raOo	

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


