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Sampling Hardware

ADC — Analog to Digital Converter. Samples
the data and brings it into the computer.

Anti-Alias filter — filters noise close to and
above the sampling frequency.

DAC — Digital to Analog Converter. Outputs
the computer signals.

Anti-Image filter — filters harmonics close to
and above the sampling frequency.
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Optional Software Blocks

 Compensation blocks — Can also be called

‘calibration’ b
used to cance

of sensors ano

ocks. These are optional, and are
out the analog frequency response
actuators and/or put them into

meaningful units.

 Matrix transformations — Also optional. Are used
to put sensor and actuator signals into useful
coordinate systems. For example, 2 vertical
sensors next to each other can be combined to
give you a vertical (Z) and a rotation (roll) signal.



Software Blocks

* Control and user interface — Where the
control filters and control logic goes. Also, the
software that allows the user to interact with
the control lives here.
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Aliasing —time domain

3.2 Hz signal sampled at 16 Hz
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Aliasing —time domain

3. 2 Hz signal sampled at 16 Hz
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Aliasing — frequency domain

Amplltude Spectral DenS|ty of 3 2 Hz Slgnal W|th 16 Hz Sampllng
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Aliasing — frequency domain

Amplltude Spectral DenS|ty of 3 2 Hz Slgnal W|th 16 Hz Sampllng
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Aliasing — frequency domain

Amplltude Spectral DenS|ty of 3 2 Hz Slgnal W|th 16 Hz Sampllng
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Aliasing — frequency domain

Amplltude Spectral DenS|ty of 3 2 Hz Slgnal W|th 16 Hz Sampllng
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Anti-Image filtering
Raw DAC output, before Al filtering
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Anti-Image filtering

Raw DAC output, before Al filtering
Amplitude Spectral Density of raw 0.8 Hz DAC Output with 16 Hz Sampling
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Anti-Image filtering

Raw DAC output, before Al filtering
Amplitude Spectral Density of raw 0.8 Hz DAC Output with 16 Hz Sampling
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Anti-Image filtering
DAC output, after Al filtering
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AA & Al filters from Stanford

Analog Al and AA filters

[==Al: 54 K, 27 nF -> zpk([],-2"pi*109,2*pi*109)
= AA: 20 kS, 27 nF -> zpK([],-2*pi*295,2*pi*295)
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Electronics
Hardware

AA and Al boards

Input/Output (I/0) Chassis
-  Has the DACs and ADCs
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AA/Al boards

RC circuit: 1
pole frequency = ———
2 RC

capacitor

resistors




/O Chassis

DAC and ADC cards

From T1000422 159



Computers

Front-end computer
Runs the real-time control system Workstation
Receives signals from ADC Runs the user interface
Sends signals to DAC
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ADC 2
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OSEM Sensor Input Matrix

O O 0O |\ S1ISI_CUST_CRYO_OSEM2CART.ad|

Ha W1 e ¥

H1 HZ
A0, 22230 E-0, 6500 W0, 43320 [, Q0000 S (OCCCT S OG0
O -0, 6285 E0, 12170 g0, 50650 Wi, QOO R QGG S (OGEC
“r ), 64430 0. 64430 W0, 64430 W, QO S QGG R, GG

{1, QOCOCY W, QOG0 W QO0CC B0, 33335 W0, 333335 M0, 33333
NP Q0000 W0 Q0000 S0 00000 N0, 43150 m 27110 g-0,8396
SRR COICICIC W QOO0 W, OO B 21860 a0, 2356
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foton — install filters

e 00 |X| Foton
File Plot Window Help
Design | Graphics |
—Module Selection —aections — Switching
Path: IEIRoot Select: ISingIe vl - | A | Input: IZem History vl
Qutput: Ilmmediatel vI
,Cladc I Icontrolﬂlter I I P y
[ dddagy
[Cfilter_archive Il IisoZ Il I Ramp Time: I ] :I sec
ipe
r |i3022 r |n0tch84,15 Taolerance: I ] :I
I~ IisoZS | IbumpsS Timeout: I 0 :I Sec
File... ||s1|5|RPP.m | | I [boost
Module:  [CRYO_IS0_Z | Copy | Paste Cut | Undo |
—Design

fSample: |4USB le Import... |

Command: [kgk ([16.3207;16.3207;16.3207;90;90;1.03+1%102.79;1.03-1*102.79;109;8.4+i*167.79;8.4-i*167.79;
1.868+i%188.49;1.88-1%188.49;1.07+i%213.7;1.07-1%213.7;2.86+iv286.29;2.86-1¥286.29;255],
[75.0579;75.0579;75.0579;6.14+i%87.79;6.14-1¥87.79;5.14+iv102.67;5.14-1%102.67;84+1+145.49;
84-1¥145.49;18.85+i%187.56;18.85-1187.56;10.68+1v213,43;10.68-1%213.43;28.63+1%284 .56;
28.63-1¥284.86;1000;1000;1000],1, "n")gain|389680) gain{-1)

Alternate: zpk i [1.0 981+1%102.7 ] 999;1.02999 ] 1-i%102.789 9 R &
£.39999999999395345+1¢ 167 . 7900000000001 ;8. 3999999999939956-1+147 . 7900000000001 ; =
1.880000000000091+1%1585.49;1.820000000000091-1%1585.49;1.069999999999917+1%213,6999999999999;
1.069999999999917-1+213,.69999999999599:2  360000000000066+1% 2586, 2900000000001 ¢ v

s-Plane: ¢ s (rad/s) ¢ f(Hz) & ni{Hz/morm) ¢ Polynomial -Flane: & 303 ¢ Roots ¢ Direct ¢ Online

Add: Gan | zPk | meoly | Resgain | moten | Emp | Buter | chewyr | chewyz | como | sos | zRoots | Direct |

Gain: | 0H  vae | 12 [mag | - | set | Current. [111.814 180 [wBriey <]

— Plotting
fotart: | 14 top | 1000 4] Number of Points: | 1001 4] Type: [Logaritnic | Duration: | 14

Bode Plot

Step Response s-Plane Roots Save Load Coefficient Exit
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foton — install filters

%| Foton 8 00 %, Zero-Pole-Gain
File Plot Window —Gain Selection
Design Graphics] Gain: I 12’ Format & Scalar ¢ dB
—MNumber Format
Complex Format: & Reflm © Mag/Phase € Mag/Q
—Module Selection —Sections Phase Angle: @ degree rad
Path: IQRoot j Select: ISingIe ,l A| ,l Root Location:  s-Plane ¢ Frequency (' Normalized
\;ladc r |contm|ﬁlter r I —Root Location
Odaq Value:l 1§|Hz I 0:’ & Real ¢ Complex
[Cfilter_archive | IiSDZ Il I
Dipe ,
r ||9022 Il |n0t0h34.15 —List of Roots
v IisoZS r Ibumpsa {* Poles  Zeros
. 75.0579 ~ |16.3207 -
File... ||S1ISIF~!F‘F’.N | r | I [ooost e ne7g 163707 Add
Module:  [CRYO_50_Z -] copy | Paste | cuwt | unuo | 75.0573 16.3207
B.14+i*67.79 a0 Remave |
6.14-i"87.79 90
r~Design 5.14+*102.67 1.03+*102.79 P— |
. 5.14-"102 67 1.03-i102.79 =t/
fSample: |4EISS IHZ G4+i"145 49 109
Command: |1 g4-i"145.49 G.4+"167.79 Clear |
’ 18.85+i"187.56 §.4-i"167.79
18.85-i"187.56 1.68+i"185.43 Sort
gain(335680) gain(-1) 10.68+i"213.43 > |1.68-i"185.43 - —
alternate:  |zpk([1.0 E} 9981+i%102.7 989:1.0 E} 99981-i¥102.7 E] 999
8.399999935993986+i%167.7900000000001 ;8. 399399999999986-1¥167.7900000000001 ; Ok | Cancel |
1.880000000000091+i%188.49;1.880000000000091-i*188.49;1.069999999959917+1i¥213,69959959¢
1.0695999995999917-1%213,6999999959959 12, 860000000000066+1i%286.2900000000001 ¢ T —T
s-Plane: ¢ fiHz) & n{Hz/nom) ¢ Polynomial z-Plane: ¢ 505 (¢ Roots ¢ Direct ¢ Online
Add: Gain RPoly | ResGain | mowh | Enp | Buter | chewyr | chebyz | comp | sos | zroots | oiect |
Gain: | uile vale: | 12’ [mag =] - | set | current. [111.614 150 [4Brteg ]
—Plotting
fStart. | 1 é’ fstap: | ‘IEIDUﬁ’ Number of Paints: | 001 é’ Type: [Logartthmic ] Duration: | 12’

Bode Plot

Step Response s-Plane Roots | Save

Load Coefficient

Exit




e 00 [x| Foton
File Plot ‘\Minsa Help
Design @
i | Transfer function |
180 .
170
—_ 160
m
2
@ 150
°
2
= 140
=]
]
= 130
120
110
T0=01/04/2016 01:16:22 S1ISIRPP.txt
i | Transfer function |
_I T I T T T T I I T T T I T | T T T T
o ........................................................
a B0 e e
@
z
g 100 Bt SR USSR SOSRPE S
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o
ABQ e e T s e b e
-200 S SOt SUUOUSUPE SOOPRRY S
Frequency (Hz)
S1ISIRPP.txt
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Reset | Zoam

Active |

Mew

Options... | Impart... |

Export...

| Reference... | Calibration...

Print... |

Bode Plot |

Step Response|

s5-Plane Roots | Save

Load Coefﬁcient|

Exit |
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o AL
_Fuz || Fig [ Fiio |
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offset , .
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Loading filter banks
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Realtime code designed in Matlab
Simulink

® O O slisirpp *
File Edit View Display Diagram Simulation Analysis Code Tools Help

I - ‘
Bl = g G -EHv ¢ ® > = [+ 2000 | Normal @ ey

@® [*alslisirpp » v

OSEM_H1 H1_out J
OSEM_H2

<adc_2_0> i
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<dc 23> OSEM_V1 J
cdsParameters »| OSEM_V2 H2_out

<adc_2_4> G
chan 12 broken <adc_2_5>
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<adc_2_6>
HS1_H2 _J

<ade.2.7> > HS1 H3
<adc_2_8> > HS1HS el
» HS1_V1

<adc_2_9>
<adc_2_10> P HS1_V2
<adc_2_11>
<adc_2_12>
‘unresolvedy <adc_2_13>
i+ Link i P adc_2_14>
ADC2 <adc_2_15>
type-GSC_16AI64SSA <adc_2_16>
card_num=2 <adc_2_17>
cdsAdc <adc_2_18>
<adc_2_19>
<adc_2_20>
<adc_2_21>
<adc_2_22>
<adc_2_23>
<adc_2_24>
<adc_2_26>
<adc_2_27>
<adc_2_28>
<adc_2_29>
ADC Selector

‘ﬁ‘
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A

A
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=
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Realtime code designed in Matlab
Simulink

® O O slisirpp *
File Edit View Display Diagram Simulation Analysis Code Tools Help

b @/ < e @-E2-@ ¢ » P> -

A~ 2000 " | Normal Y @ e

@® [*alslisirpp » -

OSEM_H1 H1_out J

. <adc_2_0> -
deuid=24 o2 OSEM_H2

Sadciavect <ade 21>

7 <adc_2 2>

<adc_2_3>

<adc_2_4>

chan 12 broken <adc_2_5>

<adc_2_6>

<adc_2_7>

<adc_2_8>

<adc_2_9>
<adc_2_10>
<adc_2_11>
<adc_2_12>
‘unresolvedy <adc_2_13>
i« Link <adc_2_14>
ADC2 <adc_2_15>
type-GSC_16AI64SSA <adc_2_16>
card_num=2 <adc_2_17>
cdsAdc <adc_2_18>
<adc_2_19>
<adc_2_20>
<adc_2_21>
<adc_2_22>
<adc_2_23>
<adc_2_24>
<adc_2_26>
<adc_2_27>
<adc_2_28>
<adc_2_29>

ADC Selector

OSEM_V1

OSEM_V2 H2_out J
OSEM_V3

HS1_H1

HS1_H2

HS1_H3 H3_out —J
HS1_V1
HS1_Vv2
HS1_v3

cdsParameters

OB E L E S|

VVYVVYVVYVVYVVYVVYVVYVYVVYVVYVVYVVYVVYVVYVVVYVVY

CRYO

Simulink diagram compiled to C code
On real-time computer
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Realtime code designed in Matlab
Simulink

) | »|H3_In H3_Out >
T3 |
0) »vin vi_out >
(vl ‘ |
)
1 v2_in v2_out
BT
)
2 Va_in va_out
ivs
HS1INF
Goto1
BusCreator2
7 H1_In H1_Out >
EM_H1
B H2_in H2_out
EM_H2 I
3 H3_In Ha_out
EM_H3 | I
)
7 Vi_in vi_out
EMV1 | I
5 v2_in v2_out
2 111
B V3_in v3_out
EM_Vv3
OSEMINF
Goto3
BusCreatort
BROKEN Terminator19
Lin L_Out
OSEM_S1
R_in R_Out
OSEM_S2
OSEMSUSINF

cdsMuxMatrix

Osl
cdsMuxMatrix

OSEMSUS2CART
cdsMuxMatrix

CRYO block

WO

»|RZ_In RZ_Out 4@
Terminator3
Zin z.0ut
Ter or4
RX_In RX_Out 4:“
Te or5.
RY_In RY_Out 4:“
Terminatoré ADD1
HSTOUTF
X_n X Out »!DAMPX
<osem_x>
X_Sum
Y_out DAMPY
Y_in
<osem_y>
RZ_Out
<osem_rz> H|RZ_In
Z_out » DAMPZ
»zin
<osem_z> EE Y_Sum
RX_In
<osem_no RY_Out DAMPRY
= RY_Ibamp_obc 1SOX
DAMP DAMP_ODC
ISOBLOCK 1S0Y RZ_Sum
X_In xouf— X
<osem_x> X_Out T
N e < A2
BusCreator pr— Y_In Y_Out Y_out
> =
4,—» RZ_In
e g AL RZ_Out | RZ_Out .
—I—> Z_in Ol 2 sum
<osem_z> Zn Zou o
RX_In |SORY:
RX_Out
e A RX_Out RY.In
TEST_X
RY_In RY_Out
<osem_ry>
From8 TEST_Y
RX_Sum
@—» RESET_In 1SO_ODC X_out
F TEST_RZ
rom IS0 1SO_ODC v.out |—>
RZ_Out TEST_Z
Z_in Z_out
Terminator17 TEST,
R_in R_Out AXOutf—
Terminator18
OSEMSUSOUTF GiEen
TEST
Watch Dogs

CART2ACTUATOR

SVERT_In

MASTERSWITCH
cdsEpicsinput
Hi_in H1_Out
H2_In H2_Out
H3_In H3_Out
Vi_in V1_Out
v2_in V2_Out
Va_in V3_Out

ACTUATOROUTF

e
cdsFilt
Fromé
(28 ) ENC1_In
ENC1
ENC2_In

ENC1_Out




Realtime code designed in Matlab

Simulink

® OO

File Edit View Display Diagram Simulation Analysis Code Tou

b @ @

® [*alslisirpp » [P2/CRYO » [Pz OSEMINF

OB @ L Ee

¢ Ee-E-e ¢ O

H1

cdsFilt

> 2 )

H2_In H2 H2_Out
cdsFilt

« 2 )

H3_In - H3 H3_Out
cdsFilt

D y D

Vi_ln - ] V1_Out
cdsFilt

) y 5)

V2_In - A V2_Out
cdsFilt

- y &)

V3_In - V3 V3_Out
cdsFilt

CRYO/OSEMINF block
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Making Measurements

Diagnostic Test Tools (DTT) - Measure TFs and ASDs, etc

Dataviewer — time data plots in real time



DTT — make measurements

® 00

File Edit Measurement Plot Window

 Diagnostics test tools - ZtoAll_S50mHzres_air_4Mar2016.xml|

Help

input | Measurement|  Excitation

Result

2 Transfer function

[~

Magnitude {m/N)

S1 ISI CRYO ISO_Z_IN1 IS1 ISI-CRYO DAMP Z EJ(C
S1:1SI- CRYO ISO Z _IN1{REF0) / §1 ISI-CRYO DAMP Z_EXC(REF0)
S1:ISI-CRYO_HS10UTF_Z_IN1/ S1:ISI-CRYO_DAMP_Z_EXC

S1:1Sl- CRYO HS10UTF_Z IN1(REFZ}|’S1 ISI-CRYO_DAMP_Z EXC(REFZ)

107

*T0=04/03/2016 23:34:32

1 10
Frequency (Hz}

Avg=10

*BW=0.0937485

| Coherence |

D1

1 !

0.9

I Y

0.8
0.7

0.6

0.4

Coherence

0.3

0.2

0.5 =

*T0=04/03/2016 23:34:32

Reset Zoam | Active

Frequency (Hz}
Avg=10

Mew | Options... | Impaort... Export... | Reference...

BW=0.0937485

| Calibration... | Print...

Start |

Pause I Resume I

Abort |

| Repeat

Fourier tools ‘

177



| 8006  Diagnostics test tools - ZtoAll_50mHzres_air_4Mar2016.xm|

File Edit Measurement Plot Windo

Help

Input | heasurement Result |

— Channel Selection
¢ Channels 0to 3 ( Channels 4to 7 ¢ Channels 8to 11 ¢ Channels 12t0 15 ¢ Channels 16t0 19

—Channel 0
W Active Excitation Channel: |51:15-CRYO_DAMP_Z_EXC =]

Readback Channel: & Default ¢ MNone User:l

Waveform: |N|:|ise (Gauss) j Waveform File: |

Frequency: | 02{He amplituce: [ 5e06 & Offset | 04 Phase: | 02 deg Ratio:[ 50 %%

Choose...

il

Freq. Range:l 10000 é’ Hz Ampl Hange:l I é’ Filter: |zpk(|],[1EIEI;1EIEI],1,"n") Fotan...
—Channel 1
[T Active Excitation Channel: | j

Readback Channel: & Default  Mone User:l

Waveform: | None ~| waveform File: |

Frequency: [ 100 2 Hz amplitude: | 04 offset | 14 Phase| 0 %fdeg Ratio:] 50 %%

Choose...

il

Freq. Hange:l 10000 é’ Hz ampl. Hange:l 0 i’ Filter:| Foton...
—Channel &
I~ active Excitation Channel: | ~|

Readback Channel: & Default & Mone LIser:I

Waveform: | None ~| waveform File: |

Freguency: I 100 é’ Hz  amplitude: I 0 i’ Offset: I 0 i’ Phase:l 0 i’ deg Ratio: I 50 i’ Yo

Choose...

il

Freq. Range: I 10000 i’ Hz Ampl Range:l 0 i’ Filter: | Fotan...
—Channel 3
I~ active Excitation Channel: | ~|

Readback Channel: & Default ¢ MNone User:l

Waveform: |Nnne ;| Wavefarm File: |

Frequency: [ 100 2 Hz Amplitude: | 04 ofset | 04 Phase| 02fdeg Ratio:[ 50 %%
— —— .| L

Choose...

Start | Pause | Resume

Abort

| Repeat

Ll

Fourier tools




8 00  Diagnostics test tools - ZtoAll_50mHzres_air_4Mar2016.xml
File Edit Measurement Plot Window Help

Input Excitation | Result I

— heasurement

& Fourier Tools ¢ Swept Sine Response ¢ Sine Response & Triggered Time Response

— Measurement Channels
¢ Channels 0to 15 ¢ Channels 16 to 31 ¢ Channels 32 to 47  Channels 45 to 63 ¢ Channels 64 to 79 ' Channels 80 to 95

0 M| 51:15-CRYO_ISO_X_IN1 8 V| 51:15-CRYO_HS10UTF_RZ_IN1
3 V| 51:15-CRYO_HS10UTF_Z_INT

10 |7| S1AS-CRYO_HS10OUTF_RX_IM1

1 |7| S1LAS-CRYO_ISO_Y_IN1

2 |7| SLAS-CRYO_ISO_RZ_IMT

3 M| 51:8-CRYO_ISO_Z_IN1 11 W[ 51:51-CRYO_HS10UTF_RY_INT

4 |7| S1LAS-CRYO_ISO_RK_INT 12 |7| S1AS-CRYO_OSEMINF_H1_OUT

3 |7| SLAS-CRYO_ISO_RY_INT 13 |7| S1AS-CRYO_OSEMINF_HZ_OUT

] |7| STISFCRYO_HSTOUTF _X_IM1
7 |7| S1AS-CRYO_HSTOUTF_Y_IM1

14 |7| STAS-CRYO_OSEMINF_H3_OUT

Ll LefLef Lol LefLef Lef o]
Ll Ll Led Lef L] L] L L

15 |7| S1AS-CRYO_OSEMINF_WV1_OUT

—Fourier Tools

Start: | 02{He stop| 1000 £{Hz Bw:[ 005 Mz Setiing Time:[ 100 2%
Window: IHanning vl Overlap: I 50.0 i’ % ¥ Remove mean MNumber of & channels: I 0 i’

Pwerages:l 1EI§I Average Type: & Fixed  Exponential & Accumulative

— Start Time

& MNow I the future: | D:UD:DDiIhh:mm:ss
O GPs: [ 1125356835 3fsec | 0 3 nsec Cointhe past [ 0:0000 2 hhommss

" Datedime: I 10/9/2015 z’dd:’mmfw I 21:46:59 EI hh:mm:ss UTC i maw | Lookup... | ST G I 0 i’ sec/avrg.

— Measurement Information

Measurement Time: |D4!DSIZD1E 23:34:32 UTC Comment / Description:

Start Pause Resume | Abort |

| Feneat | Fourier taols |



Dataviewer — realtime data

e 00 | Data Viewer

File Frames Help

il

513 ISI-CRYD_IS0_X_IN1_DO
513 ISI-CRYO_IS0_Y_IN1_D0)

Input ] Dizplay ] Signal ] Realtime ] Playback ]

2
4+

Trigger ——Signal —

Type Full | Mode Standard — | ch 1 | - 0On F1 49 3¢ SL:ISI-CRYO_IS0_Z_INL_IO

4+ 51:ISI-CRYOD_ISO_RY_IMNL_D

P— Ir o |72 105 s1:ISI-CRYD_ISO_RY_INL_DO

Resolution &I Refresh 1 — | | Abeve —[]2. 2 111 |lB: s1:151-CRYO_ISO_RZ_INL_TO
51:ISI-CRYO_ISO_K_IN1_D0— 7+ S1+ISI-CRYO_HS10UTF_¥_IM1_D0

o e YoAis—| A4 J12|[ T

Ch 1 | _ 8+ 51:ISI-CRYO_HSL0UTF_¥_IN1_ I
Delay o —i||/Max|5.00 Scale  Lin | 5 J1311gs 51+151-CRYO_HS10UTF_Z_IN1_D0)

Trace Color B 14 1103 51:ISI-CRYO_HS10UTF _RX_IN1_D

Red _.| Sec 8 R ]E2:0 nie 7 Auto 7 jqg||tL: S1:ISI-CRYO_HSIDUTF_RY_INI_D

123 51:151-CRYD_HSL0UTF_RZ_INL_D
A Highlight I Filter _I Global A8 JI1B 42, o1 151-CRYO_PTORR_INL_DO
P ] 14: 51:FEC-7_ADC_OVERFLOW_0_2
‘!’ stop_| 15: §13FEC-7_ADC_OVERFLOW_0_3
— 161 51:FEC-7_ADC_OVERFLOW_O_4

Connected to slisi Running, -
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Dataviewer — realtime data

800 %| Grace: Untitled (modified)
File Edit Data Plot View Window
GO: ¥, ¥ = [0.302374, 144.843]

=
2

DAQS Data Display 2 Channels at 16-04-08-19-57-41

Ch 2: 8§1:A8I-CRYO_ISO_Y INI_DQ

= [+ N |2
= [& [ |

r | F
S |E
o o
o |

) i\
7140 ! ‘ | k | , }\

‘H “ﬁf b H Hl\ | V b |||} |
7120 _y |¥ |‘|| ) ” W ’lu v lm “W\‘M * h | .l Ih { | M iw\ }IW‘
"o '\m} W [ W M | 'u‘ HUP | d"fﬁf

= N
==
= |n
< <

€= |2 |2

A Ff b
_‘W ‘ ﬂ | hl‘
| Mh rl| \

m O
= =
o
1
2
oo
(=]

SRy

Ch I: S1:ASI-CRYO _ISO_X_INI_DQ

144.00

143.50

143.00

142.00
-8.0 -7.0 -6.0 -3.0 -4.0 -3.0 -2.0 -1.0 0.0

ligo-opsé, localhost10.0, Untitled




Dataviewer — past data

® 00 %/ Data Viewer

File Frames Help
Input] Displau] Signal ] Realtime ] 1: S1:ISI-CRYO_ISO_¥_IM1_D0
—Playback — Data Signal — 2+ S1:ISI-CRYO_ISO_Y_IM1_D0
Y MM DD HH MM S5 GPS  Full Data P19 3¢ S1:ISI-CRYD_ISO_Z_IM1_D0

IﬁE IE4 = =1 12 = 4t S1+ISI-CRYO_ISO_R¥_INL_DO
: v Second Trend | 7 2 10 ||5, 51+ 151-CRYO_ISO_RY_INL_D0)

1 | A Minute Trend || 20 3 1 11 |16 S1:ISI-CRYO_ISO_RZ_IN1_D0O

Length : : * :
W e [ 5 Sesa
Time Mow + alilal- 2 —T_IN1_
thﬁ% diap F v Hour Trend | 45 113 |1q, g1 [ST-CRYD_HSLO0UTF_Z_IN1_D0]
—Graph Hode —— Show B 114 ||103 S1:ISI-CRYO_HS1OUTF_R¥_INL_D
lefault —

A + + —
Standard | ¢ gyis Tine UTC — || 17 4g (14 SLISI-CRYDHSIOUTFRY_INLD

7 Auto Setting 123 S1:ISI-CRYO_HS10UTF_RZ_IN1_D

v HtPle ) o Grid My Grid | 48 16 133 513 I1SI-CRYO_PTORR_INL_D0
vt Amgr | Max T Hean 14 S13FEC-7_ADC_OVERFLOW_0_2
‘ start. || Stop 15 51:FEC-7_ADC_OVERFLOW_0_3
16: 51:FEC-7_ADC_OVERFLOW__4
Connected to slisi DataView -
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Dataviewer — past data

‘@00 N Grace: Untitled (modified)
File Edit Data Plot View Window Help
GO: X, ¥ = [04-12-2016 19:10:34, 173.316052]
| Draw I . MAX I
. MEAN Trendfrom 16-04-11-18-23-44 to 16-04-12-18-17-44
&8s | - s
ZI il Ch 2: SI:ISI-CRYO_ISO_Y_IN1_D(Q
== 81
41 - .
AutaT "o
o 7] BO | = ¥ aran, - 2
B0 P il - "
ﬁIﬁl > ) H-'!-'P-C-'“ﬁ_-:‘: . o ‘W
ﬁl ﬂl 8| 9 __—ﬁ_ﬁ.\\— " #M s e
Pz P_LII g _ﬂ-
w
Pol| C . N LI
w0 o F e e
5D » ol iy
CW:0
Exit | ) '
77 =
2016-04-12 00:00:00 2016-04-12 06:00:00 2016-04-12 12:00:00 2016-04-12 18:00:00
Ch 1: SIAISI-CRYO_ISO_X_INI_DQ
150 0% o |
145
E o . ;
8| 140 [T T N TS T - L. A n S Ay
" - e e = v =
8 P .t.\l'll“? = ) wy = sy, i=zeom =w
135
130 12 = |
2016-04-12 00:00:00 2016-04-12 06:00:00 2016-04-12 12:00:00 2016-04-12 18:00:00
A

ligo-opse, localhost:10.0, Untitlied




Lecture 3

Digital Control
- Part 3: Digital time &
frequency domain

G1600726
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Filters: Continuous to Digital

Conversion
jf +ay=Xx Differential equation: continuous time
y(k+1)-y(k) Approximation of derivative,
y =~ where k is the current sample

dt

Yk D=yR) o
dt

Approximation of EOM

yk+1)= dt[x(k) — ay(k)] +y(k)| |Difference equation: digital




Z-Transform

Analogous to the Laplace s-transform for continuous systems

d/dt -> s for continuous systems
k+1 -> z for digital systems



Z-Transform

Analogous to the Laplace s-transform for continuous systems

d/dt -> s for continuous systems
k+1 -> z for digital systems

Digital Continuous

Difference equation Differential equation
y(k+1) = dt| x(k) - ay(k)]+ y(k) y+ay=x
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Z-Transform

Analogous to the Laplace s-transform for continuous systems

d/dt -> s for continuous systems
k+1 -> z for digital systems

Digital Continuous
Difference equation Differential equation
y(k +1) = dt| x(k) - ay(k) |+ y(k) y+ay=x
z-transform s transform

yz=dt(x—ay)+y Vs +ay = x

188



Z-Transform

Analogous to the Laplace s-transform for continuous systems

d/dt -> s for continuous systems
k+1 -> z for digital systems

Digital

Continuous

Difference equation
y(k +1) = dt [ x(k) - ay()] + y(k)

Differential equation
y+ay=x

z-transform
yz = dt(x—ay)+y

s transform
ys+ay=x

Transfer function

dt
y = X
z+dtFa-1

Transfer function

1
X
S+d 189

y=



Z-Transform

Digital

Continuous

Difference equation
y(k +1) = dt [ x(k) = ay(k)]+ y(k)

Differential equation
y+ay=x

z-transform
yzZ = dt(x—ay)+y

s transform
ys+ay=x

Transfer function

dt
y = X
z+dt*Fa-1

Transfer function
1

S+da

y= X

Frequency domain interpretation

Frequency domain interpretation

s=i12nf

190



Z-Transform

Digital

Continuous

Difference equation
y(k +1) = dt[ x(k) - ay(k) |+ y(k)

Differential equation
y+ay=x

z-transform
yZ = dt(x—ay)+y

s transform
ys+ay=x

Transfer function

Transfer function
1

S+da

y= X

dt
Y= A
z+dt*a-1
Frequency domain interpretation
2T
lf f 1 where
z=e "’ =—¢

f fo>>f

Frequency domain interpretation

s=i12nf
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imaginary axis

Complex plane pole-zero map

Digital

A 0.5 0 0.5 1
real axis

dt

= X
Y z+dt*a-1

imaginary axis
o

Continuous

a=0.5rad/s
dt=0.1s

-5 0
real axis

10



imaginary axis

Complex plane pole-zero map

Digital

Stability:

Poles must be inside unit circle! \

_________________________________________ S SO

——
real axis

dt

y X

z+dt*a-1

0.5 1

Continuous

10 :

8,

6l Stability: |

Poles must in left half plane (LHP)!

4+ : -
@
s 2
>
1 | T —— ¥ TS SRR
=
& -2
=

41

-6 -

-8

-10 ‘ : ‘
10 -5 0 5 10
real axis
1
a=0.5rad/s y=——"X
dt=0.1s S+d 193




imaginary axis

Complex plane pole-zero map

Digital

0
real axis

imaginary axis
o

Continuous

dt
y= X
z+dt*Fa-1

a=0.5rad/s
dt=0.01s

-5 0
real axis

194
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imaginary axis

0.8

0.6

0.4

0.2

Complex plane pole-zero map

Digital

X
imaginary axis
o

- K
Zpote = 1+dt

Y

0
real axis

dt

z+dt*a-1

X

0.5

S hole Continuous

10
8’ 5
| For small dt, the region around 7
z=1 looks like the continuous time
4 complex plane
2,
............. )(.-_-------_--.|.----_----------------------
_2,
40
-6 -
-8
-10 ‘ : ‘
1 210 -5 0 5 10
real axis
1
a=0.5rad/s y=——X
dt=0.01s S+d




Matlab has various conversions from
Laplace to Z

1
Continuous time TF HAM_ISl = -=---=m-mmemmmmememeoee e
1900 s*2 + 3092 s + 1.258e05

Digital filter = c2d(HAM ISI,0.001,'ZOH') First order hold

2.63e-10 z + 2.629e-10 0.001 = sample time (s)

z"2-1.998 z + 0.9984

Digital filter = c2d(HAM ISI,0.001, 'tustin’)
1.315e-10 z*2 + 2.629e-10 z + 1.315e-10

z"2 -1.998 z + 0.9984

Digital filter = c2d(HAM ISI,0.001, 'matched’)

2.629e-10 z + 2.629e-10

z"2 -1.998 z + 0.9984



Digital TF Bode Plots

HAM-ISI force to displacement

10-4 ‘ \
) nyquist
~ 10 61 Yq |
G
- 8| _
8 10
2
1010~ .
(&)
©
-14 Il Il 1 Il Il 1 1 Il ‘ Il Il 1 Il Il 1 1 Il ‘ Il Il 1 Il Il 1 1 Il ‘
10 O T I T T T ‘ T T T T T ‘ T T T T T ‘ T T T T T T |
== Continuous time
-45 |- == digital euler approximation
—_ digital ZOH approximation
o -90 - -
o
©-135 .
c -180 L = e ————————————————————— |
o
-225 —
—270 = Il L 1 L Il 1 1 Il ‘ Il L 1 L Il 1 1 Il ‘ Il L 1 L Il 1 1 Il ‘ Il L 1 Il 1 1 —
10 10° 10" 102 108

Frequency (Hz)



Digital TF Bode Plots

HAM-ISI force to displacement

—
OI
N

nyquist

Magnitude (abs)
°. o o
I [

|

Y

o
4
N

-14 \\\\‘ | 1 \\\\\\‘ | 1 \\\\\\‘ | 1 [N S N
10 o ‘

I I T LI ‘ T T T T T T T T ‘ T T T T T T T T ‘ T T T ‘ T T T
=== Continuous time
= digital 'tustin' approximation ||

digital 'matched' approximation
-90 - ¥

o
o)
=
o -135 - 3
®
©
=
o

A
(&)
|

-180 - o —
225 - E

-270 = 1 1 | ‘ 1 1 | ‘ 1 1 Il ‘ 1 1 —
107 10° 10’ 102 10°

Frequency (Hz) 198




Lecture 3 Summary

ADCs and DACs are used to sample signals and
move them into and out of the computer.

Anti-alias and Anti-image filters smooth over the
transitions through the ADC and DAC to remove
unwanted high frequency content.

LIGO has various software tools for controlling
and interfacing with realtime systemes.

The z-transform is the digital equivalent to the
Laplace s-transform (needed since sampling is
nonlinear).



Lecture 3 — Backups

G1600726



Oversampled Signal Flow

Digital Down- Compens-

sampling || ation Filter

Measurement
. Decrease sample rate

Control

Analog

Interface

Increase sample rate

Actuation

I
Digital Compens- . :
I
I

sampling @ ation Filter

|
|
|
|
|
|
|
|
|
|
|
|
Software and User }
|
|
|
|
|
|
|
|
|
|
|
|
|



Oversampled Signal Flow

The ADC and DAC sample at 65536 Hz, the controller samples at 4096 Hz
LIGO 4096 Hz Digital AA and Al filter

= ‘ I zpk(-2*pi*[3.5744339+4095.9984i,3.5744339-4095.9984i,7.1488677+8191.9969i,7.1488677-8191.9969i],-2*pi*[975.07994+1392.55851,975.07994-1392.5585i,716.87422+1969.5957i,716.87422-1969.5957i],0.011277) ‘ -
| 1 | 1 T I I | 1 1 T 1 || 1

10" 102 10° 10%

created by AA_AI_Digital_Analog_filters on 31-Mar-2016




Phase (degrees)

N
o
|

IN
o
|

-160 -

-180 =

Sampling Phase Loss

Phase delay from a 4096 Hz sample rate

L] | [ | I [ R | | S| I [ S R |

---\a------f
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10~ 10° 10" 102 10°

Frequency (Hz)



ISO Block

enn

EXCHON

S1ISI-CRYO_IS

CLEAR HISTORY I LOAD COEFFICIEMTS

%] S1ISI_CUST_CRYO_ISO_ALL.adl

izo¥ iz0K2
FH1 FH2 FH3 Fi4 FH5

LIMIT |

DFFSET’

Thu Mar
HOLD OUTPUT

FHE FH7 FH3 FH3 FH10

S1ISI-CRYO_IS

CLEAR HISTORY | LOAD COEFFICIEMTS

isof

FH1 FH2 FH3 Frid LIMIT

DFFSET!

ON/OFF &
[

QUTHOM
Thu Mar

FHE FH7 FH3 FH3 FH10

S1ISI-CRYO_ISO_RZ

CLEAR HISTORY | LOAD COEFFICIEMTS

izoRZ | izoRZ2 bumpE, 55

OUTHON

HOLD QUTPUT

FH1 FH2 FH3 FH4 FHS LIMIT
boost @ E

FHE FH7 FH3 FH3 FH10

S1ISI-CRYO_IS0_Z

CLEAR HISTORY I LOAD COEFFICIEWTS

Ttrolfilt  izof is0Z2 iz0Z3

fie [ Fi2 [ i3 [| Fi4 [ Fis LIHIT |

OFFSET |

ON/OFF
| I

OUTHOM
Thu Mar 3

(ON/OFF

|

otch8d,1Y bumps3 | boost
FHE FH7 FH& FM3 FH10

S1ISI-CRYO_ISO_RY

CLEAR HISTORY | LOAD COEFFICIENTS

izoR¥
LIMIT |

OUTHON
Thu Har 31 1

HOLD OUTPUT

FH1 | FH2 | FHM3 | FH4 | FHS
FHME | FH? FHa FM3 FM10

S1ISI-CRYO_ISO_RY

CLEAR HISTORY | LOAD COEFFICIEMTS

izoRY
LIMIT

UFFSET’

DECIMATION
(ONA0FF &
[

OUTHON

ON/OFF &

FH1 | FH2 | FH3 | FHi4 | FH5
FHE | FH7 FH3 FH3 FH10

AHTHAN

Current State
(0

§x1400

Correct State

Current State
(i)

01400

‘ Correct State

Current State
0xleda

\§x1400

Correct State

Current. State
]

01400

Correct State

Current State
(i)

px1400

Correct State

Current State
(1300

0x1400
Correct State

Gain 0Ok




LIGO General BackUps




Advanced LIGO

A single output chamber is complicated!
HAMS P A

Output Faraday

Single Suspension
|

Signal Recycling
(Mirror) 3

Signal Recycling e ;_{g:;
Mirror ' E— : -Q\\s}:‘&\:'};“&
Small Triple Suspension s r =™

/

) "'-'}-}, \

Lots of practical stuff removed for demonstration
» Vacuum chamber

, | « SUS sensors
G1200556:v1 L . KissaPBWADW, May T7BR Stops, Loekers 206




LIG
VIR

BSCs — core optics

hydraulic external pre- active isolation
isolator (HEPI) (one platform (2 stages
stage of isolation) of isolation)

\

/
quadruple pendulum (four
stages of isolation) with

monolithic silica final stage
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Hybrid Systems
Advanced LIGO - The Design

« 7 Stages of Isolation

2 * Hydraulic Preisolation

* Blade spring and wire flexures
* Monolithic Final Stage
* 6 DOF sensing on stages 1 -4,3DOFon5-6
* Inertial and displacement on stages 1-3
* Displacement only on stages 4 - 6

* 6 DOF DC - 1kHz actuation on Stages 1 — 4, 3 DOFon 5
-7

* (6+6+6+[376+4]) = 40 out of 42 Trans./Rot. resonant
modes sensed and controlled

* Many-control-loop system

» Sensor blending, Feed back, Feed forward, Sensor
Correction, Heirarchical control

* Versatile 800 kg payload

- Stage 1 — 3 “Performance limited by sensor noise,”
e 4 — 7 “Performance limited by direct

. transmission of platform motion”
J. Kissel, GWADW, May 17 2012
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Sensor Noise

Inductive Displacement Sensors
aLIGO Pre-isolator
Stage Current and Future Displacement Sensor Noise
R (All curves based on measurements)
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J. Kissel, GWADW, May 17 2012
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Interferometeric,
U of Birmingham

Prototype (As yet
Non-UHV Comp.)



Sensor Noise
Inertial Sensors

Current Inertial Sensor Sensor Noise
(Some Specs, Some Measurements)

aLlGO
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& 2 ISls
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(Watt Linkage) 120055601 J. Kissel, GWADW, May 17 2012 (Watt Linkage)



SEl Sensors and Their Noise

IPS “Low” Frequency CPS
Kaman’s Inductive Position DC MicroSense’s Capacitive
Sensors Displacement Sensors
Used On: HEPIs Used On: HAM-ISIs and BSC-ISIs
Used For: < 0.5 Hz Control, Static Used For: < 0.5 Hz Control, Static
! Alignment Alignment
‘ | Used ‘cause: Reasonable Noise, Used ‘cause: Good Noise, UHV
\ Long Range compatible
g Rang 108mHz P
STS2 1240
Strekheisen’s STS-2 Nanometric’s Trillium 240
= Used On: HEPIs Used On: BSC-ISls
. Used For: 0.01 £ f < 1Hz Control Used For: 0.01 < f < 1Hz Control
: Used ‘cause: Best in the ‘Biz Used ‘cause: Like STS-2s, Triaxial,
below 1 Hz, Triaxial no locking mechasim -> podded
18Hz
GS13
L4C

GeoTech’s GS-13
Used On: HAM-ISIs and BSC-ISls
Used For: > 0.5 Hz Control
Used ‘cause: awesome noise
above 1Hz,
no locking mechanism -> podded g00 Hz

UIIO0RSL “High! Arequency 211

Sercel’s L4-C
Used On: All Systems
Used For: > 0.5 Hz Control
Used ’'cause: Good Noise, Cheap,
no locking mechanism -> podded




Sensor size and noise
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Birmingham OSEM (BOSEM)

Advanced LIGO OSEM (AOSEM)
- modified iLIGO OSEM

Flexi-circuit
LED

A4

Connector Photodetector Coil Avtiiator

Photodetector

“,___, M Magnet Types (M0900034)
S —> * BOSEM — 10 X 10 mm, NdFeB,

I SmCo

Flag

10 X 5 mm, NdFeB, SmCo

* AOSEM -2 X3 mm, SmCo
2 X6 mm, SmCo

Magnet

BOSEM Schematic
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HS1 Geophones
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Geophone Schematic

Leads

PPN
+ =
Springs

=) -
Inertial
mass

Coil
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Source: http://newsline.linearcollider.org/readmore_20070809_ftrl.html



