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G0 Requirement 1: Assumption of Linearity

Requirement 1.
[Control theory assumes Iinearity.}

Carrier

Sidebands (probe for carrier)

_ Unlocked _ Control area =
M:Modulation linear area (straight slope)
ﬁ ___________________
) /| |_|
L > ~1nm
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Mixer :Demodulation
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L [m]

éé é Phase lock
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HEO  Pendulum in Physics

Laplace transform f(s) = L[ f(1)] ff(t)e ! dt

2
L[F]=me d’x +IxL|— dx +k><L[x]
I'x dt’ dt
F =ms*x +Tsx + kx
damper F ¥ 1 i
E ; 2 poles
hx F ms®+Ds+k (s — (rm))(s (r+m)) p
d2 dx S=1iw
= m—+I‘—+kx F =-m’x +iTax + kx
dt’ dt ,7 1
x = Ae'” : complex number F = I

- A:amplitud o -
x| = 4:amplitude Interpretation in Physics

Arg(x) = wt =2 ft:angle resonant anglar frequency: w, = 2 f, =k /m

ﬁ —iwx quality factor Q = 1/energy loss: Q =maw, /T
dt Transfer function from force to position :
d’x =
- = —w’x X 1
dt Film -0 +iow,/Q+w;
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LIGO

Bode plot : frequency vs. gain, phase

Gain J fResonant
requency
100 =+
Q=100 - . o corresponds to
10 ;\,‘ —— Q=10 |_ height of resonant
/, \ Q=1 _E peak.
- Q=1/2 [
1 — ===
f2:2poles
0.1
¥ 1 0.01 S f[H
Fim - +iow,/ O+ 0.1 0.2 0.5 1 2 5 10
ifwo<<w, = X —>L2 - constant Phase[deg]
F/m CUO | | [ |2| N
5 | 150 &= F=4p~; -
ifa)>>a)0 = F/m_>_w2 ;f_zslope 100 m=1; ~
X 0 50 wo=2p 17
fo=0w, = =——— > .resonance w= 2p f;
Fim o, 0 He— |
— Kt::\\ ‘
ifa)=a)0,Q—>oo=_L—>oo -50 SN
F/m 100 x‘
:resonance,no damp 150 ‘ |
if Q=1/2 = cretical damping — =1 F[HZ]
if Q <1/2 = over damping 0.1 02 05 1 2 5 10
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relationship between gain and phase

Basic concept

LIGO
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46O Actual pole and zero with phase

[ Transfer function |

10°
10° g
10*
10° |
=
10
'
107 b
107 i
10° [
10" [
10°
10 &

Actual gain and phase slope
change smoothly.

Phase above pole (zero) frequency
has N x 90degree phase delay
(advance).

Magnitude

Phase at pole (zero) frequency
Frequency (Hz) has N x 45degree phase delay
(advance).

1

[ Transfer function |

300 ............... | T......] !.Jl!!llll ................. T L. !.J.!!.!..I .................

"|"f'| 'II"F

200

o L T 2ze Phase at 10times lower frequency
e £ C o g s Pt sy Of pole (zero) frequency has N x
] ' aa 5.7degree phase delay (advance).
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Phase (deg)
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LIGO . .
Modeling system: Single Fabry-Perot cavity

Seismic Seismic

noise > | « noise

Sp \ Mission:

P Actiathr” Make a feedback filter to
keep distance between

cedecl ITM EIM T " Actuator ITM and ETM constant !

Laser EOM off |

______________

Feedback
filter

detector’

I
1
Oscillator « Mixer \

Sensor "~ Fesdback e P tlat around
resonance
S: flat

N—o— P} 5|
Noise Plant Sensor *F: 7?7 ~1Hz

A

Actuator ‘A suspension TF

F i

Feedback filter
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GO Transfer functlo_n from
Noise N to error signal V_

Ve Vs Vy =P xismpe Vour
Outloop noise T T Error signal V., =AxV
N—- P s Vo s A
Vo Plant Sensor VC =N - VB
B
A Vy =PxV,
Actuator £
Vour =S %V,
Feedback filter
VA
Vour = SxPx(N—AxeVOUT)
(1+SPAF ), . = SPxN
Summary: _ SP « N SP « N
Relationship between “Error signal” I/, -Your T =
and “Outloop noise” N can be written with (1 +SPAF ) (1 + G)
“Open loop transfer function” G and Open loop transfer function :
“transfer function” P,S. G - SPAF '
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LIGO Transfer function from
outloop noise to inloop noise

Inloop noise
Ve v,
Outloop noise T T
A i > S 1
e Plant Sensor o= out — x N = x N
N SP SP(1+G) (1+G)
Actuator = ifG>>1,V, = G << N; supression
l Feedback filter if G <<1, V. = N; no suppression
Va

Summary:
ﬁOutIoop noise” N is suppressed by O
Open loop transfer function G (if G>>1)
into “Inloop noise” N/(1+G),
then it is multiplied by transfer functions
\SP through output port. Y
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LIGO |
Feed back signal

Inloop noise More example; )2
Ve Vo 1. V,=7—"—=N
Outloop noise T y (1 + G)
N D P S > 7 out
Noise A_ S ——— 2 VB _ PSFA N _ G N
Vg’ 1+G)  (1+G)
Fegdbaok A G
signal Actuator = 1f G >> 1’ VB ~—N=N
G
l Feedback filter 1f G << 1, VB ~GN << N
4 N-V,=N-7-2 N
A 3. b (1 + G)
Summary: _N(1+G)-GN
“Outloop noise” NV is canceled out by (1+G)
“Feedback signal” G/(1+G) N, _ N+GN-GN
then “Inloop noise” becomes N/(1+(). ~ (1+G)
= N = VC
(l + G)
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LIGO
Requirement 2: Negative feedback

. P P S > Vou
Noise b —

Plant Sensor

A

Actuator

F
Feedbackiiter (G = SPAF : Open loop transfer function

Requirement 2:
/ Phase delay of open loop transfer function at
(frequency at gain = 1) must be less than
180 degree.

You must have negative feedback if total gain (OLG) is

\_larger than 1. -
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LIGO

Open Loop TF and Unity Gain Frequency

P : flat

x S:flat

X F:7?7?

P : flat

x S:flat

F- Phase
X ‘restore
1kHz

JGW-G1301943

10Hz +1
f
j

zero@10Hz
pole@1kHz

X A:suspension
10000

1Hz
1

0
0.

g
s
O

1Hz .g
O

0.001

f—2
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554 system TF

00
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001

-180|E““, 1 1 1 1
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Frequency log f[Hz]

X A:suspension =4 C AL
10000 :-f- T

100
1
0.01

2700177777770 100 1k 10k
Frequency log f[Hz]
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LIGO
Low-pass filter to avoid feed back noise

Phase
p S = Restore A OLTE
: flat X cflat x , + X A:suspensio =,
Low-pass r\oooooo-----r-j_z:-----r __________
10H THZ e N
Z
A ‘
zero@10Hz [ -
pole@1kHz,1kHz 2 tll
& 270017777776 100 ik 10

Frequency log f[Hz]

" Too high feedback signal at high frequency will be not A

only noise but also saturation, not desired mechanical
resonance, then can break control!

J
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LIGO | _ |
Notch filter to avoid mechanical resonance

Phase S '
uspension

Restore p+
P : flat x S:flat x F: + X A Mechnical S0
Low-pass resonance 10000
M 20Hz £ 1P
notch tHz | 2kHz © 001
i | 0.001

1kHz 0.0001 oo o
10Hz | w90ty T
Iy N S 0 "
f o -90F--- | ----- N
-2 g -180f----§ 5 Dbttt b
f <= 27O -t L I
A~ 270001 1 10 100 1 10k
Frequency loglf [Hz]
zero@10Hz
pole@1kHz,1kHz

notch@20Hz, 2kHz

/"« Mechanical resonance can make another UGF I
which has more than 180 degree phase delay.

* Notch filter has big phase delay and advance in very
narrow band, so it can be used both above and below

\__UGF, but not too close to UGF. J

JGW-G1301943 Seminar at Kamioka Brach, October 2013 14




Boost filter; engaged after lock acquisition

Phase .
Resiore Suspension

; X F: Low-passX A: .
X S:flat L0W+paSS Mechnical
Notch resonance

+

bobst 20Hz
1le 0o 1Hz | 2kHz

10Hz |} 1 {

f2

pole@1Hz,1Hz,1kHz, 1kHz ' Frequency 1ogt[Hz]

zero@10Hz,10Hz,10Hz

Control area 9
<10"m@wlHz

10°°m N 10 m
: — =

(1+G) (1+G)
/\\f ~G>10*

10°m

Signal [V]
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LIGO

Example of Feedback filter

Magnitude

Phase (deg)

150

100

50

-50

-100

-150

1 Noich for

Notch f&)r
bounce m_ode

10°
Frequency (Hz) Target UGF
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I | phase restore + low pass + notch h
1 10 102 10°
Frequency (Hz)

:_!- | | | | ':
5 ; 75degree ]
E_ ................................... ...................................... ............... phase ............... _:
=SS J U S S advance . 3
H | N | | n
10" 1 10 10?

Phase
Restore
+
Low-pass
+
notch

4kHz

zero@10Hz
pole @4kHz,4kHz
notch@16Hz, 440Hz
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G0 Example of Boost

10°

— Notch for ——— Notch for ———1——3
bounce mode : 5

10

10

E
E ; : - Phase
................... ﬁg . Restore
¥

Magnitude

+
Boost

10

J..l.l.llf[[l....l..l.lllﬂ_[ﬂt...I.J-Il.l.m}...I..I.I.I.I.I.ﬂl...l..l..l.ll

phase restore + low pass + notch + boost
phase restore + low pass + notch

4kHz

1 10 107 10
Frequency (Hz)

-2
10 :

-
ol_.

_!_ T T T T T 171 I! T T T LI I! T T T T T 1T I! T T T LI I! T T
150 F— e N e Y
100F : 0 NS S A WS SO =

; : zero@10Hz,30Hz,30Hz

s 1 —— o \ I E pole@1Hz,1Hz,4kHz,4kHz

E 20degree =
phase delay : 3
.............................. . by bOOSt ._:

Phase (deg)
o

50

100

11 o — R — OO0 NSO OO N
-i‘ 1 1 IIIIIIi 1 IIIIIIIi 1 IIIIIIIi 1 1 IIIIIIi 1 1

1 10 107

10°
Frequency (Hz) Target UGF
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LIGO

Advanced Boost using complex pole/zero

3
0 g Notch for ——— Notch for ————1———
= bounce mode ‘
102 L e el ...................
LT R SUSRRRN-, A= N S
3 10 %- N 2 :
= =
()] =
S FI N S v errrt TOTUU AU OO SV AT
= 1 B i i i
10-1 %_ ''''''''''''''''''''''''''''''''''''''' phase restore + low plass + notch + advanced bclnost
i [EEEEEEEELELE phase restore + low pass + notch + boost
) —Ir I phase restore + low pass + notch
10 -1 1 1 1 11 111 1 T T " —— — —— T T T ) — —— |2 T T T ) — ——— |3 1
10 1 10 10 10
Frequency (Hz)
15degree
:Li. T T T LILELIL I! 1 T T LI I! 1 1 1 haSe reCOVeredl LI ! 1 T I:
150 _,_ H y CompleX Zero, .................... —]
100F e E
= 50F ]
) ; -
) : =
) (o -
n [ -
£ E -
o -50 e b _:
-100 E‘:— .......................................................................................... —
-150 :'__ ................................... e L AT PP _:
-i‘ 1 1 1 L1 1.1 Ii 1 1 1 L1 1.1 Ii 1 1 1 L1 11 Ii 1 1 1 L1 1.1 Ii 1 1 I_
10" 1 10 10° 10°

Frequency (Hz) Target UGF
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RPhase
E- esitore
Boost

4kHz

zero@10Hz
complex zero@30Hz
pole@1Hz,1Hz,4kHz,4kHz
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GO How to adjust feedback gain?

High gain: limited by phase delay due to slow circuit, DAC/ADC time
delay etc., or by feedback noise, or by saturation
Low gain : limited by phase delay of boost, or by too low DC gain.

1000000""
10000 1
g 100
s Once you get stable
0.01 operation, it is very

0.001 .

0.0001 Important to measure open
% loop TF to see how stable!
';' -90
8 -180
<
A 2270

Frequency log f[Hz]
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LIGO
How to measure Open Loop TF?

N—— P s
Hoise - Plant Sensor 1
1. Use closed transfer function: C =
A (1 + G)
Actuator
F D . Measure e _ |
Feedback filter l $ l VEXC (1 +G )
VIN2 VINl 1
Vixe » Calculate G G = e -1

2. Measure OLTF directly

VIN 1
VIN2

- Measure = FAPS = G
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G0 Example of measured Open loop TF

File Edit Measurement Plot Window Help
Input | Measurement|  Excitation Result I
K| [ Transfer function |
Style | X-axis | ¥-axis ] Legend | Param w0
Traces lRange |Units ICursor IConﬁg y
Graph: | Transfer function | 20
—~
o I de s le Is Is 17 | E
A
M active <
—Channels -;» -20
A: | C1:LSC- XARM_INZ =l 24
B: [ CT.LSC-XARM_INT =l = -0

B n A = I A l C]I:LSI:-XARM 1M1 ICI:LSC-XAHMI N2 ; E E E E i E E E E i E E .
Pitine M= [soic =l o3 - e e U= e i R N N
V' symhol .Hltriangle up v” 1.0 i’ 1¢ 10

" Bar |soi 'I 10 = Frequency (Hz) .
© e P T0-30/10/2005 21:57:14.100036 Avg-8 Genera”y, phase margin should be

Transfer function | more than 30degree at least.

K1

Style | X-axis | v-axis | Legend |Param |

200 =F bR e e e e e e e e e e T
Traces | R units | ¢ Confi = R : . . ;
I angel|[Crfe | Cursor | [Carg L B R e L At Mt St B R L e L v A REES ‘S bl
Graph: | Transfer function % = . 1 . .
- 2l 1woE-+—i—i Phase margin 45degree -t
J1 l2 |3 |4 |s |e |z D sof : R U TUE S o O ST SN SN N e W
IV Active Z =
© O+
—Channels g H ¥ ' ' ' ' ' :
A: | C1:LSC-XARM_INZ =l = -S5O AL AR R T AR
B: [ C1:L5C-XARM_INT =l -100 : -------
—Style _150;_"3' """ VTR
P Line .Hl—_lsolid = l_”]il _200F & CILSC-XARM_INI JCI:LSC-XARM_INZ 1 1 1 1 11 oA e
~ symbol [l [tiangle vy ~][ 10 2] 1¢ 10
 gar =] [soli ][00 é‘ Frequency (Hz)
T0=30/10/2005 21:57:14.100036 Avq=8
Reset | Zoom I Active | New: Options... | Import... | Export... | Reference... I Calibration... | Math... | Print... I
Start | Pauze | Reslme | Abort | 21
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G0 Why low frequency measurement is dirty?

N ;(?_ P S > I/;)ut

Noise
Plant Sensor

Transfer function
aph: [Transter function 5 5&?&“ ] A
T *& — s Actuator =
5 . AL
F P
e | Feedback filter
T e ey 10
21:57:14.100036 Avg-8 V V V
Transfer function
— N2 VExC VN
I 1
o : FRMAE
S/ | o [T
B ol gt VNN W B
* 1008 : b b
- - 715‘.;—7—_— + e x“aj ‘X 1 . . . .
= | B : - Excitation signal is suppressed
Bar =||010 & Frequency (Hz)
T0-30/10/2005 21:57:14.100036 Avg-8 . . .
RRRRR | zom | actve | new optons.. | import. | Export. | Reference.. | caibration. | Man. | pant. | a Iot Wlth Ve ry hlgh galn G>>1 at

b — low frequency.

1 .
VIN2 = m VEXC << Noise
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LIGO What is Coherence?

Eile Edit Measurement Plot Window

Input | Measurement||  Excitation Result | — B CO h e re nce : CO h ( f)

T e How much related between input
yle - axis -axis | Legen aram T T T —T T T r
Traces IHange | units | cursor | config 405‘ -------- : : Vo : H _E and Output
Graph: |Transfer function j 20 :— —:
o Ji Jz s |4 |s |s |7 g 9: : ‘W (f)‘
v Active $ = H o
tc:a:\nels é —20:— _E COh(h) =
A:[CT.LSC-XARM_INZ | 2 E p \/W (f)W (f)
B: [ C1:L5C- XARM_INT | z %0 E_ | i . i _E * b4
e W =04 B e e e B } N ny (f):crossspectrum of xand y
| symool =] [tiangie =] 10 2 1¢ 10 .
Clea WE[ow  S[oed T0-30/10/2005 21:57:14.100036 Fr;:\?::gcy(m) WX" (f)’ W}’)’ (f) -power SpeCtrum of xand y
,ﬂ Coherence function |
SR e ol * O<coh(f) <1
Graph: | Coherence function =l
0 1 de I e s Js 17 || 4
" e -Coherence is sometimes convenient
Channels _g
R =1 to estimate whether the measurement
B: [ C1:LSC- XARM_| |
*Sgliine Emmﬂ I : . :”‘ I,u—xABIM_IINII/‘IDII:LSC—XAHM_:IN2 | "I RN IS rellable'
| symool =] [tiangie p =] 10 3] 1¢ 10
" Bar .z’lsolid v”ﬁé’ . o2 Fr:que:cy(Hz)
0=30{10/2005 21:57:14.100036 vg-= .
[ zom | e | e | ome | wa [lesn | wess [emmn e en| < Generally, If coherence is smaller

st | | | | than 0.8 the measurement is not

| Fepeat | Swept sine response | 4 O O d
g .
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LIGO

What does Closed Loop TF mean?

N——P P
a__

Noise Plant

A

Actuator

F

1.C, :used to estimate gain oscillation

Feedback filter l

v
- Measure N2 _

VEXC

+ Gain oscillation is caused by small phase

margin at UGF.

2. Cz VIN]
 Measure =
EXC
JGW-G1301943

(1+G)

Seminar at Kamioka Brach,

There are two definitions for
closed loop TF

1 G
(1+G) (1+G)
UGF
A
g !
<
&
01 1710 100 1k 10k
Frequency log f[Hz]
UGF
A
g !
<
&)

0.1 1 10 10 1k 10k
Frequency log f[Hz]
October 2013 24



LIGO

Example of measured Closed loop TF

FEile Edit Measurement Plot Window

Help

Input | Measurement|  Excitation
[
Style | X-axis | v-axis | Legend | Param |
Traces lRange |Units |Cursor |Conﬂg
Graph: | Transfer function =l
o |1z |3 |a |5 |s |7
V' Active
—Channels

A: | CT:LSC-XARM_EXC =

B: | C1:LSC-XARM_INZ =l
—Style

~ tine =[50l |

IV Symbaol .z”triangle up v” 1.0 é’
" gar =] [s0t0 ~|[o104

Result |

| Transfer function |
10

5

|
(5

Maghitude (dB)

»

'
pesyespepsy=g

|
[++]
(=4
TTT {[I_I_L!III TTTTTTTT]TTIT IIII|IIII IIIIIIIII

C1:LSC-XARM_IN2 / C1:LSC-XARM_EXC

1¢

T0=30/10/2005 21:57:14.100036

Freq
Ave

Generally,

0l

ain oscillation should be

less than 10dB at most.

Style | X-axis | v-axis | Legend | Param | 200
Traces |Range |Units | Cursor | Config =
150

Graph: | Transfer function v E

’ I —I 100
0 1 2 3 4 5 [ 7 >

I de 1o 1e Us Is 17 || 5 oF

IV Active A E
—Channels 2 OF

A: | C1:LSC-XARM_EXC =l L = 1 o B e S e o S e R

B: [ C1:LSC-XARM_INZ =l —100 -

A H H N H H H H -

— Style 150 H "f'.""r":"r':'r‘r""""'"7“""‘:""‘:'“:"." )

p Llne .HISCHIU vII 10 ﬂ _200_| - A C1‘LSCI-K'AIR'Y1_"?2II .C1LSC-XABMI_EXC kl,___]:___:___i__i__i_]'_i ___________ ]: ______ _i _____ i--_i-_-;_

V| symbol .z”triangle up v” 1.0 i’ 1¢ 10

I gar ][50l =|[o0 é’ Frequency (Hz)

T0=30/10/2005 21:57:14.100036 Avg=8
Reset | Zoom | Active | New Options... | Import... | Export... I Reference... | Calibration... I Math... | Print... |
Start | Pause | Resurme | Abort | 25
[ Repeat Swept sine response [ 4



Example of measured Closed loop TF

LIGO

Help

Eile Edit Measurement Plot Window

| Measurement | Excitation Result
Transfer function |

Input

[

T 333333333333331

ebessebocsboadecls

L=

T
'
'
'
'
h
'
'
h
'
'
e R

'
'

' '
i
]

C1:LSC-RARM_IN1 / C1:LSC-RARM_ERC

F'

1¢

Frequency (Hz)

Avq=8

30/10/2005 21:57:14.100036

T0=!

2 9 8 & 8 8
- N o™ wn
] h | i 1 ]
(ap) spmuniBeyy
mglv_
HlE - olg
= —
s
| ©
2 5 ||
=
3 w
30 L]
@ =
Xz — ol
25 s 4|z
o = | I Il
_ o= = |z
c |
s%.m < |
@ = %
% 5 |2 ™ _v_A
e g T Qo
ey o|@ @
S N S B
w = — 8 2|0 |0
22 5 & S
= o o QO < @
wE 6 o|k |

o3

=] [sorie

—Style
V' Line

IV Symbol .z”triangle up v” 1.0 i’

S (EnE

=] [sorie

" Bar

Transfer function |

[

C1:LSC-XARM_IN1 / C1:LSC-XARM_EXC

£ o
s €
©
o 5
=
==}
[T
m 2
o =
= |G
&
= [
=
>2
2 5
5 =
L&
b —
@
@
=8
A
0 =

Graph: | Transfer function

IV active

Frequency (Hz)

Avq=8

30/10/2005 21:57:14.100036

To=

—Channels

-XARM_EXC

Az|CriLsc
B:[C1:LSC

- XARM_INT

—Style

IR

V' Symbol .E”triangle up v” 1.0 i’

.zl solid

V' Line

[0 4

=] [sorie

" Bar

Print...

Math...

| Reference... I Calibration... |

| Import... | Export...

Options...

| Active | New |

Zoom

Reset

26

Ao

Resume

Start

I Swept sine response

| Repeat




LIGO L .
Summary of designing feedback filters

1. Look at target system carefully and estimate each
transfer function even if you cannot measure it directly.

2. Design a feedback filter by putting pole and zero to

have 1! slope around UGF.

Close loop with a designed feedback filter

Adjust gain of feedback filter if system is not stable.

If system is stable, measure open loop transfer function

In order to see how stable (don’t forget to see closed

loop TF and coherence function also).

6. Put boost, notch, low-pass filters if you need.

ok
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