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LIGO

l@Nizes, outline

*» Distributed Control Systems
“ Ligo Hardware architecture
“ Ligo Software architecture
“* Virgo Hardware architecture
“* Virgo Software architecture
** “Plants” to be controlled

“* Current/Future focus areas

Overall references on the Advanced LIGO and Advanced Virgo detectors:

=  Advanced LIGO, LIGO-P1400177, https://arxiv.org/abs/1411.4547

= The Sensitivity of the Advanced LIGO Detectors at the Beginning of Gravitational Wave
Astronomy, LIGO-P1500260, https://arxiv.org/abs/1604.00439, Phys. Rev. D 93,
112004,June 2016.

=  Advanced Virgo Technical Design Report, \VIR-0128A-12

=  Advanced Virgo: a second-generation interferometric gravitational wave detector,
https://arxiv.org/pdf/1408.3978.pdf , F Acernese et al 2015 Class. Quantum Grav. 32
024001



https://dcc.ligo.org/LIGO-P1400177/public
https://arxiv.org/abs/1411.4547
https://arxiv.org/abs/1604.00439
https://tds.virgo-gw.eu/ql/?c=8940
https://arxiv.org/pdf/1408.3978.pdf
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LIGO

D)IVIRG Hardware Architecture Overview
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» Timing derived from GPS

» Front-End Computers
* hard, real-time
* Linux real-time OS

“* multi-core, server class

< Fiber-linked PCle 1/0 bus e -
with 18-bit ADC/DAC [ -

» Servo loop rates up to 65 kHz

» Synchronous, deterministic ,
Operatlon to W|thin a feW »  PClel/O Chassis
microseconds

Ligo Control & Data System

> EPICS Gateway - L

Operator Stations

A

DMT Computers

h J

DAQ Data Concentrator >

A

\

AdvLIGO CDS Design Overview, LIGO-T0900612
New Control and Data Acquisition System in the AdvLIGO Project, LIGO-P1100052



https://dcc.ligo.org/LIGO-T0900612/public
https://dcc.ligo.org/LIGO-P1100052/public

LIGO

R/

*» Real-Time Code

Generator (RCG)

+» Matlab Simulink
graphical
interface used to
sketch control

% EPICS

+» Interface for
setting
parameters
R/

+» Guardian

«» State machine for
sequencing

Realtime Front End Computer

Ligo Control & Data System
()R> Software Architecture Overview

> daqxfer>—>< daqd )

DAQ Data Concentrator

FrameWriter

» daqd

DAQ Net

Shared Memory | SZ d
dagXfer
”””””””””” EPICS ) (awgtpm )
A oy
dagd

Server

> NDS >

Network Data

A

CEPICS Extensions) C dataViewer

< CONLOG ) < DTT

(EPICS Gateway )a—pla—————— CDS Networ

< awgstream )( foton

EPICS Gateway Computer

Status Computer

STATS -

= aLlGO, DAQ, Software Design Documentation, LIGO-T1000625

< EZCA Scripting ) < ligoDV

< TDS ) < mDv

A N N N

Operator Stations



https://dcc.ligo.org/LIGO-T1000625/public

LIGO

(e)vire> 190 real-time digital control

* Matlab/Simulink used as a graphical interface to sketch control system using
standard blocks

s+ Generates real-time code to run on linux front-end machine

= Real-time Code Generator (RCG) Software Component Overview, LIGO-T1200291



https://dcc.ligo.org/LIGO-T1200291/public

LIGO
MOIIVIRGD Ligo real-time digital control

* Interface to the front-end, real-time “models” is via EPICS
% Change filters, gains, parameters

% Set Point Definition/Monitor software automates configuration control for the
~100Kk servo system parameters

(EPICS)

Sat Mar 19 16:22:50
@Shad:\u ==hsors OK/OFF
OH/TFF
suspension_sensing.adl bL OWIFF
H1KR2-SENS_A Sat Mar 12 16:23:01 ON/OFF

CLEAR HISTORY LOAD COEFFICIENTS f2 OW/CFF
cts2V
FM1

Y2um  dewhite
FH2 FH3 FH4

Ramp Time (sec):

72 OH/CFF

m

HGUARDIAN SET
[ HOT LOCKED,

Fit ON/IFF
[] cHECk: LockED
" O reser
Foll ONAOFF _ [ woOuIRvG
CRACKLE! [ vocken
[ eLIon
[] AUTOLOCKER MOT RUNNING? [ crackLE
[] FaILED

= Real-Time Code Generator (RCG) SDF Software, LIGO-T1500115



https://dcc.ligo.org/LIGO-T1500115/public

LIGO

Virgo Control & Data System

D)IVIRG Hardware Architecture Overview
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Timing derived from GPS

ZPS receiver
Tirning distribution boxes

Front-End Computers [ |
(RTPC) IIIJ TDBox
% hard, real-time
% Linux real-time OS 22 = .
RN o -—_ﬁ.c?ua'.i:-n Fw e = processing unit
- mul'_cl core, server class 1 1is :‘5’. Sy
Fiber-linked TOLM 1/O bus, £ i
Mux/Demux network ——zs % 5
: : 2z (S < :
18-bit ADCs, 24-bit DACs 3508 : _ Reagme
: =
DaqgBoxes: loops run up to | —=_e E TOLM 110
1MHz (SSFS) I:I—;; = = |
RTPC: standard loops run at il - ; v
10 kHz.

=  Advanced Virgo Technical Design Report, \VIR-0128A-12



https://tds.virgo-gw.eu/ql/?c=8940

LIGO Virgo Control & Data System
D)IVIRG Hardware Architecture Overview

Real-time control (optical fiber)

«» UDSPT Boards
e TANGS
«» 24bit ADC/ DAC \
rnd ango e
<+ Loops: 10 kHz (IP, j
F7, LC controls), 40 @ 9 oA
kHz (Global signals T S U
. o Device o Interferometer
oversampling) and £ £ Control
. . = =
320 kHz (Digital N
demodulation of T - g GUI Clients
Sensors) o x s 1]
High level
devices
J
SUSPENSION EEQ#‘RTQE SUPERVISORY CONTROL
! x10 suspensions F

= Real Time Control Of Suspended Masses in Advanced VIRGO Laser Interferometer, VIR-0299A-16



https://tds.virgo-gw.eu/ql/?c=11610

LIGO

Virgo Control & Data System

1D)IVIRD Software Architecture Overview

\/
0.0

\/
0.0

\/
0.0

Damping & VPM
interfaces for
digital control
development

Tango & Cm/VPM

+» Interfaces for
setting
parameters

Guardian/Metatron

+%» State machine for
automation

Front-end electronics <
TOLM network

rpei r'pc? , e
- T / i o

Front-end DAQ

Pre-procassing

Automation

Post-processing

Storage

v
FomFE
~80 MB/s

PC/SFP/LNFSmoni |

FbmMain
~80 MB/s

7

; Metatron nodes

~83 MB/s

clzerverDAQ

( l Analog electronics: sensors and actuators I"" ’I Digital electronics (DagBoxes, DSPs)
-

olzerverOm

v

d

[ Moni for DMS]

I Hrec/Horzon I

FomSt
~78 MB/S
3=

X
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=toll \

Frame extension
and ession
X = 5
{~40 MB/s)| | (~1 MB/s)

W Y
Frame extension
and compression

Raw Tre
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=wl3

Frame extension
and ‘ession

Raw full
(~70 MB/s)

=  DAQ sub-system status, \VIR-0343A-17
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https://tds.virgo-gw.eu/ql/?c=12274

LIGO

(eyvrey VIrgo real-time digital control

*» Suspensions: Developed using the custom Damping interface

Level: Top Level: Top

go Inertial damping on [ 172.1

Virgo Inertial damping on [ 172.16.2.14 ]

Hardware implementation Hardware implementation

mnd_cos
mm7_sin
nm7_
Tvdtl
lvdtl_cos
Lvdt2
Lvdt

lvdt
1lvdt3_cos
lvdt4
lvdtd_cos

phasel_1
el

phase
phase
phase:
phas

phase7_1

2
1
2
1
2
1
2

mml_sin

= AdVIRGO Suspension Control, \VIR-0662A-17
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https://tds.virgo-gw.eu/ql/?c=12594

LIGO

% Algorithms for Control and Locking (Acl)
% The startup parameters are read from a configuration file.

* Some parameters can be changed at run-time, either modifying the configuration
file and reloading it or via Cm commands (VPM)

SSFS_Ctrl - Configuration
NirgoData//VirgoOnline/SSFS_Cirl.cfg

B M 2 | C Search £ 2 Replace

B P L] Er=rar= lroae wawaag

## Apply the S5SFS demodulation slope«s
## Perform DC normalizationss

## Photodiode selection (B2 or Bd)+«

## UGF calculation, this could be moved to a separate SS5FS moni process in case of trouble with computation time«s
## calculation of demodulation phase mistuning+—

## Compute the Error signal for MC

ACL SUM CH B4 Err . | 0 B4 Err pre 1 B4_Err post

ACL CONST CH SSFS GRIN NORM """ 1.0 SSFS _DSP FREQ  0.75

ACL OP CH 54 S56MHz I NOEM "" 34 Err *  SSFS GRIN NORM

ACL FILTER CH B4 MC I NORM flt "t 1 LOCP FREQ B4 5éMHz I NORM 1 DRQ FILTER 10EHZ

ACL LF CH 54 MC I NOEM 10EHz 10000 B4 MC I NORM flt Tla=t"

ACL DAD "SSFS_"T " B4 MC I NORM 10RHz

ACL DAQ FILTER "SSFS " " 10kHz" 10000 DR FILTER 10EHZ 54 zelectFilter ;
'f'S'L.M_PRS'CESSGR_GU'?‘PU'?‘_PF—'.C:G '?_I'J:'?}{_FRE QUENCY "SS5FStolNJ" 10000, 1l e 2 0x07 0x0 0=x1F ]
SSFS_B4 MC I NORM 10EHz SSFs_BE selectFilter 10kdz

## Compute the S5SFS I and @ signals (for ISC)+
## Channel=s to be used by the SSFS DEP—



LIGO
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% Algorithms for Control and Locking (Acl)
% The startup parameters are read from a configuration file.

* Some parameters can be changed at run-time, either modifying the configuration
file and reloading it or via Cm commands (VPM)

SSFS Ctrl A GPS:1188157847-8000121606(580608) - SSFS ON 1,LNFS 56MHz_phi 2.37,B4 Err _pre 0.868849,B4 Corr -8.8436,UGF_FILT ON [
1,B4 GAIN 750,B4 selectFlt8 8,B4 selectFltl 1,noise sensing -8.888122,noise driving 5.55e-86,B4 PD select 0,

Application: MirgoApprAclhvOrd2p11Linux-x86_64-3L6-2.6.32 11-x86_64-hal-2 6-03-rtai-3.8. 1/Acl.exe
Host; ipc12 virgo.infn.it Pid: 29095 Process uptime: 33 days and 12h50m53s
[+ Configuration: NirgoData/VirgoOnline/33F35_Cirl.cfg
' Log: ivirgoLog/VirgoOnline/SSFS_Ctrl/SSFS_Ctrl_2017-07-28-06h59m37-UTC.log
' Documentation: ivirgoApplacivOrd2p11idociact pdf

Reload config | Reload config and synchro | Reload config and reset | Get ADC channel offset.. ACL_FILTER_CH - rezet the filter

Photodiode: |se B4 DC normalization | Use fixed normalization ze B4 PO ze B4 PD2

SSFSfilter: Reload Fiters  B4_GAIN...  B4: reset all DSP fiters
B4 DSP filterD: Reset Select

B4 DSP filter1: Reset Select

Noise generation: offzet . white noise.. coloured noise.. sinewave.. ramp.. select noise
Sensing noise: set noize ampl.. LIGF line..
Driving noise: set noize ampl...  Dizable NNS  Enable NNS

[# S5F5 filters: virgoData®irgoCnline/3SFS_Filters.cfg
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LIGO _
1D)IVIRD the Guardian

7

+ Robust framework for automation of the interferometer & all subsystems Ve \\
< Hierarchical, distributed, finite state machine J/5te Graph
+ Each node executes a state graph for its subsystem 7R
< Supports commissioning & operation
% EPICS interface | Guardian
% Python code 5 o
< Adopted & adapted by Virgo e
SLARDIAN; SUS_SRH 3
HISALIGNED
HISALIGHED II_ — :E: .:?
=%
g3
100 =
plll =°
Sg
e jwwcen £s

R

=  Advanced LIGO Guardian Documentation, LIGO-T1500292
= Distributed State Machine Supervision for Long-baseline Gravitational-wave Detectors with the Guardian
Automation Platform, LIGO-P1600066, https://arxiv.org/abs/1604.01456, Rev. Sci. Instrum. 87 (2016) 094502



https://dcc.ligo.org/LIGO-T1500292/public
https://dcc.ligo.org/LIGO-P1600066/public
https://arxiv.org/abs/1604.01456

LIGO

the Virgo Guardian: Metatron
([@)VIRGD

nnnnnnnnnnnnnnnnnnnnnn

~ Cm Software Bus

PyFd/PyCm

PyTango

‘ Pure Tango Client Pure Tango Client

Tango Software Bus

Problem managed by exploiting the existing PyTango and generating a Cm (and Fd) C
library bindings using ctypegen (PyCm and PyFd)

15
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= CA (epics) |
= pr——

the Virgo Guardian: Metatron

LR

Olserver52

From DAQ
(FbomMain)

]

ITF_LQCK

" Daemon

HME

Cm Software Bus

JSON File [*

DMS Web
interface

Tango Software Bus
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LIGO The principal “Plants”™

[([@QJINIRGD

* Pre-Stabilized Laser (PSL)

“ Frequency, pointing & intensity stabilization
% Ligo

“ (SEI)

% Isolated platforms for optics

% Suspensions (SUS)

«+ Single, double, triple & quadruple pendulum suspensions
% Virgo
% Suspensions (SUS)
% Superattenuators + Payloads
* Interferometer Sensing & Control (1SC)
“ Length
“ Angle

SRS
“ e ? <5 AV, Filter Zero
mhfﬂ ) '

: N & B ] Lsolator

e~
-

y
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Nonlinear cavity lock
acquisition control Infrared

Transmitted
Length derived from RF Signal
demodulated signals

Five resonant cavity lengths
Arm Length Stabilization (ALS) ik
% Acquire lock with lower finesse

at doubled frequency (green

wavelength) first
LASER

Anti-

Definition symmetric
Common arm length (CARM) (Lx+Ly)/2 Gt
Differential arm length (DARM) Lx-Ly
Power recycling cavity length (PRC) Ip+(Ix+ly)/2
Signal recycling cavity length (SRC) Is+(Ix+ly)/2
Michelson length (MICH) Ix-ly

Signal Port |

Gravitational wave

End
Station
Laser

y ETMY

Ligo Interferometer Lengtn
Sensing & Control

1072

~ - ‘Fundamental Sensitivity.

Carrier 1064 nm
— 45 MHz RF Sideband
= 9 MHz RF Sideband
532 nm Beam

Readout

Strain [1/v/Hz]

1000 [HZz]

End
E Station
> Laser
Ly

Infrared
Transmitted
Signal

=  Achieving Resonance in the aLIGO Interferometer, LIGO-P1400105, Class. Quantum Grav. 31 (2014) 245010

=  CARMY/ALS Electro-Optical Controls Diagram, LIGO-G1500456
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https://dcc.ligo.org/LIGO-P1400105/public
https://dcc.ligo.org/LIGO-G1500456/public

LIGO

Virgo Interterometer Lengtn

(D)IVIRD Sensing & Control

% Four resonant cavity lengths

+» 6MHz Sidebands used to lock
the arm cavities

«* 56MHz used for CARM,
DARM, MICH

«* 8 MHz used for PRCL

Definition

(Ivvest+ InOI’th)/Z

Common arm length (CARM)

Differential arm length (DARM) (hhorth = \west)/2

Power recycling cavity length (PRCL)  lpg+(ly+hw)/2

Michelson length (MICH) N

[

north

Detection
port

=  Development of a New Lock Acquisition Strategy for the Arm Cauvities of Advanced Virgo,

www.infn.it/thesis/thesis dettaglio.php?tid=10879



http://www.infn.it/thesis/thesis_dettaglio.php?tid=10879

LIGO -
OIVIRE Auxiliary Loops

Many additional, essential loops, many of which are not
completely independent of the global interferometer controls:

-4
X 10

&

7/
*

L)

Earth tidal correction U T T [+ v Messrenen

&

Output Mode Cleaner (OMC) alignment B S ==
Wavefront Sensor (WFS) centering

Input Mode Cleaner (IMC) alignment
Thermal Compensation System (TCS)

O
*

J J
0’0 0’0

Spherical Power [1/m]

J
0’0

J
0’0

15 EIII
Time [Hours]
Wavefront sensor measurement
and Kalman estimator

25 i 1
1] 5 10

=  The Adv. LIGO Input Optics, LIGO-P1500076, http://dx.doi.org/10.1063/1.4936974,
Rev Sci Instrum vol. 87 pg. 014502.

=  Locking the Advanced LIGO Gravitational Wave Detector: with a focus on the Arm Length Stabilization Technique,
LIGO-P1500273, http://dx.doi.org/10.7916/D8X34WQ4

»  Kalman Filter for the Thermal Compensation System, LIGO-G1501532

»  LSC-Virgo August 2017 Meeting @CERN, Thermal Compensation in Advanced Virgo,\/IR-0670A-17



http://dx.doi.org/10.1063/1.4936974
https://dcc.ligo.org/LIGO-P1500273/public
http://dx.doi.org/10.7916/D8X34WQ4
https://tds.virgo-gw.eu/ql/?c=12602
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1) CSWG wiki page: https://wiki.ligo.org/viewauth/CSWG/WebHome

LIGO
(D)IVIRD Ligo: Current/Future Focus Areas

Applications of Machine Learning (ML)
to Controls

% Lock Maintenance
% Lock Acquisition?
Length to Angle (L2A) decoupling

Feedback optimization
(esp. applied to angular controls)

System Identification

Interferometer robust configuration for
earthquakes?

State space control for the Real-Time
Code Generator (RCG) Software

More generally, we are working to inject
more modern control techniques to
improve performance & robustness

Length Drive (L)

Test Mass

Angular Motion (A)

-

PR2 M1 L2P FF
S hidhiothnini A I——

Magnitude

[
»

2) LSC-Virgo August 2017 Meeting @CERN, Deep leaning applied to lock acquisition, LIGO-G1701589
3) LSC-Virgo August 2017 Meeting @CERN, Earthquake early warning & response, LIGO-G1701593
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PR2 M1 L2P FF - estimated suppression


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

LIGO

(D)IVIRD Virgo: Current/Future Focus Areas

% SSFS upgrade to 1 MHz

» Mux-Demux and TOLM network upgrade

» Timing system upgrade

» SUS: Global Inverted Pendulum Control (GIPC) is a technique
already used in VIRGO in which common and differential error

signals are used to control the IP top stage instead of the local
LVDTs and Accelerometers

»» SUS: Optimal Control (ex: Kalman estimator and an associated
optimal controller for vertical control)

»» Converge on a unique Communication Middleware / Control
Framework solution

2 Applications of Machine Learning (ML) to Controls

<

L)

L)

<

L)

L)

<

L)

L)
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Thanks for your attention!
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Virgo Interferometer Length

LIGO -
l@Nies Sensing & Control
@ rhotodiode .
® Quadrant photodiode | ®_?

® ,QBA

{ anv/ MICH Q@
U > MHz _|+----+I"’—“-!§B7
854
Blp ?®
4 "
oMC 2 L OMC 1 DA.RM
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LIGO

AN\ /1D Y
% Modulation sidebands:
* 9 MHz mostly sees PRC
s 45 MHz seeS PRC and SRC
¢ Quadrant Photo-Diodes (QPD)
+ Relative position = pitch & yaw
s Wavefront Sensors (WFS)
« RF QPD yields In-Phase and
Quadrature Phase pitch & yaw
+» Placed at different Gouy phases
(near vs far field)
% 26 degrees-of-freedom
+« Input beam (pos + angle)
11 optics form the PRC, SRC, FP
arm cavities (yaw, pitch)
¢+ 20 dof controlled
+ IMC pointing
+ SR3, PR3 are just damped
¢ Input & Output Matrices are used to
project the sensing to the controlled dofs

L)

= Alignment Sensing and Control in Adv.
LIGO, LIGO-P0900258, Class. Quantum
Grav. 27 (2010) 084026

= Advanced LIGO Angular Control System
(ASC), LIGO-G1500923

Interferometer Angle
Sensing & Control
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https://dcc.ligo.org/LIGO-G1500923/public

