LASER INTERFEROMETER GRAVITATIONAL WAVE OBSERVATORY
- LIGO CALIFORNIA INSTITUTE OF TECHNOLOGY
MASSACHUSETTS INSTITUTE OF TECHNOLOGY

Technical Note

LIGO-T1900280–v1

2019/06/21

Optimal non-linear control for
LIGO interferometers
Milind Kumar V
Mentors: Rana Adhikari, Gautam Venugopalan, Koji Arai

California Institute of Technology
LIGO Project, MS 18-34
Pasadena, CA 91125
Phone (626) 395-2129
Fax (626) 304-9834
E-mail: info@ligo.caltech.edu

Massachusetts Institute of Technology
LIGO Project, Room NW22-295
Cambridge, MA 02139
Phone (617) 253-4824
Fax (617) 253-7014
E-mail: info@ligo.mit.edu

LIGO Hanford Observatory
Route 10, Mile Marker 2
Richland, WA 99352
Phone (509) 372-8106
Fax (509) 372-8137
E-mail: info@ligo.caltech.edu

LIGO Livingston Observatory
19100 LIGO Lane
Livingston, LA 70754
Phone (225) 686-3100
Fax (225) 686-7189
E-mail: info@ligo.caltech.edu

http://www.ligo.caltech.edu/

LIGO-T1900280–v1

1

Introduction

Interferometers at LIGO possess extremely high sensitivity to be able to detect gravitational
waves. However, this also makes them highly susceptible to noise and makes keeping the
system locked and in observing mode an incredibly challenging task. It is absolutely essential
to factor in effects such as those of scattering that decrease the power developed in the devised
optical cavity. Scattering can arise from varied sources of noise ranging from tectonic and
oceanic movements to nearby electronics that couple into the suspension used to isolate the
optics and cause movement along multiple directions. Further, irregularities on the surfaces
of the optics too cause scattering and loss of power. Keeping the system in observing mode
necessitates that mechansims be designed to detect such miniscule angular motion of the
suspended optics and that the system be made robust to these and this is done by employing
a number of feedforward and feedback control schemes and over a hundred control loops [1].
Angular motion of the suspended optics can be detected in either of two ways. The first is by
the use of the previously set up GigE cameras [6] that track beam motion (see Figure 1) and
the second by means of the oplevs that employ quadrant photodiodes to detect the location
of the beam. The beam motion or the QPD output can then be studied and interpreted
equivalently as the motion of the suspended optic and feedback control can then be used to
realign the mirrors for lock (see Figure 3).

Figure 1: A schematic of a Fabry Perot cavity

A typical control loop employing feedback control is illustrated in Figure 2. Here, the
dynamic system or the plant is an electronic or mechanical component whose output needs
to be monitored and made to match the input reference. The plant could for instance be
suspended optical components such as mirrors whose pitch and yaw eigenmodes need to be
damped. The feedback sensor is used to monitor the behaviour of plant and provide the
information necessary to produce the desired control signal to the controller. In the case
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of the optical lever system used for angular control, the working of which is elucidated in
greater detail in Section 2, this is a quadrant photodetector that tracks the position of the
reflected laser beam.
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Figure 2: A typical feedback control loop

A simple schematic of the sensing and control tasks is presented in Figure 3.
Feedback control such as this is used to ensure that the LIGO interferometers remain in
the observing mode despite being subject to numerous disturbances. Further, in an ideal
case, the plant and the sensor are both linear i.e their output is proportional to their input
and consequently, no feedback control is necessary. However, most real systems display
a degree of non-linearity which is not desirable. Feedback control is used to ensure that
the system operates in the linear region. An alternative is to use feedforward control and
this has been employed successfully LIGO for instance in [2]. However, this requires very
precise mathematical modelling of the system and is hard to do. As was observed in [2], it
is quite possible that the characterization of the system changes with time and this requires
that the transfer functions be remeasured in a time consuming process in order to obtain
optimal performance. Feedback control, on the other hand, is adaptive and therefore, more
attractive.
Most feedback techniques employed thus far rely on linear control to achieve the desired
performance. However, most subsystems inevitably display non-linear and time dependent
behaviour. Thus linear modeling is only an approximation of the behaviour of these subsystems for certain ranges of values. Further, the sensors used to monitor the plant themselves
provide linear response when operated in certain regions. This has been explained in greater
detail in Section 2 in the context of the quadrant photodiode used in optical levers. Nonlinear control schemes offer us the ability to model such responses and incorporate them into
feedback for greater operating regions with fewer constraints. Further, when feedback signals
are modeled as outputs of neural networks, they are computationally efficient during test
time. Therefore, this work will attempt to explore the use of non-linear control to stabilise
the aforementioned control loops and thus determine its applicability and efficacy at doing
the same. This work will also attempt to borrow techniques from the rapidly advancing area
of deep learning for the purpose of system identification and stabilization.

2

Objectives

Irregularities on the surface and angular deviations of the suspended optics cause scattering
which reduces optical power generated in the cavities and can lead to loss of lock. Ideally, a
laser beam incident normally on a reflecting surface should not produce a beam spot visible
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Figure 3: Sensing and control of angular motion
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to an observer at an angle. However, deviation of the light beam produces a beam spot on
the camera (as shown in Figure 1). The test mass and the beam spot are brought to focus
using a combination of two biconvex lenses. This setup allows one to monitor the motion
of the optic by observing the motion of the beam spot. The properties of the beam spot
such as the intensity and motion depend on the scattering the point of observation. The
relation between the motion of the beam spot and the angular motion of the mirror can
be determined theoretically. However, a neural network can also be used to capture this
relationship when using real data. In this work, emphasis will be laid on developing robust
algorithms for beam tracking with a general outline being highlighted in Section 3.
Following the development of better algorithms for sensing, this work will focus on using the
signals from the beam tracking project and the optical lever system described subsequently to
develop control algorithms that help the interferometer lock faster and over wider parameter
spaces.
The optical lever is a subsystem integral for the angular control of suspended optics. Optical
levers are used for the restoration of alignment after loss of lock [3]. Figure 4 depicts a simple
optical lever consisting of a fiber coupled diode laser, optics necessary to control beam size,
quad photodetectors to determine beam location and displacement and structural pylons to
mount the necessary hardware.
Receiver
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Figure 4: Design of an optical lever

The optical lever system helps stabilise the suspended mirrors to seismic noise. This is done
by projecting a laser beam onto the suspended mirror and structuring the system to obtain
the reflected beam on the quad photodetector. The system is calibrated such that the beam
is centered perfectly when the mirrors are aligned. However, if the suspended mirror rotates
through an angle θ, then the reflected beam rotates through an angle 2θ. This is shown
in Figure 5a. The position of the beam produces outputs say A, B, C, D (see Figure 5b)
from the four quadrants which can be used to calculate the position of the beam using the
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following equations [4]

B+D−A−C
A+B+C +D
A+B−C −D
y=
A+B+C +D

x=

(1)
(2)

These signals are then used to provide feedback and align the mirrors suitably to obtain
lock. However, the above relations are only approximate when the change in incident power
is non-uniform across quadrants given a motion of the beam. Therefore, the use of a laser
beam of circular cross section introduces some error in the measurement and limits the linear
range. Further, laser beams have a Gaussian intensity profile which further limits the linear
range. It is here that non-linear control can be used to improve the feedback mechanisms to
achieve better modelling and performance.
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Figure 5: Simplified representations of the optical lever system (a) Angular deflection of the
mirror and reflected beam [5] (b) Illustration of a four quandrant photodiode
Another control scheme worth considering is feedforward control which requires complete
knowledge of the system to design filters that perform the necessary actions. As mentioned
in Section 1, this is not adaptive and performance can decrease with time as the coupling
of noise and the system model change. However, this does have the advantage of being
unconditionally stable which is a major advantage over feedback control loops that need
to be carefully designed to not become unstable. This is of great significance considering
the fact that even the slightest error in alignment or calibration of optical components can
lead to one control loop injecting noise into another control loop or driving it to instability.
Optical components such as mirrors used in optical cavities are suspended to isolate them
from seismic noise. However, this leads to translational ground motion being converted to
angular motion due to the design of the seismic isolation systems [2]. This essentially implies
a time varying model for the suspended mirrors. Consequently, feedforward control does not
immediately appear to be a promising option for the control of such a system. However, a
more careful investigation of its feasilbilty will be carried out before it is dismissed out of
hand.
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3

Approach

The first step will be to set up a simple simulation of a circular beam spot with intensity
varying as a Gaussian that moves about along one axis. Python code shall be written to
detect the centroid of the beam. Initial attempts shall involve using standard computer vision
algorithms. Neural network based methods need to be employed to determine the angular
motion of the optic. In that case, the input data to the neural network will consist of frames
of the video. In the case of feedforward networks, this would translate to preprocessed
framewise data. In the case of convolutional neural networks, the frames can be used as is
to output a value. In all these cases, the output is a real value and thus a loss function such
as mean square error can be used to measure the performance of the network. A schematic
is presented in Figure 6.
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Figure 6: Training a neural network to determine angular motion

At test time input from the GigE will be used to predict the angular motion as in Figure 7.
Much of the experimentation will lie in tuning hyperparameters and determining the precise
architecture to use. This setup works under the assumption that the GigE camera measures
only the effects of angular motion. However, this is not true as the effects of scattering due
to surface irregularities and other sources of noise too contribute to beam motion. Thus, a
method needs to be devised to identify and isolate these effects from that of angular motion
of the mirror.
In the case of the QPD, signal processing algorithms need to be applied to the outputs
corresponding to the four quadrants of the photodiode to determine the position of the
beam spot which in turn can be used to determine the motion of the plant (optic). The
position of the beam spot on the QPD can be found using equations 1 and 2. The angular
motion of the optic can be computed theoretically by studying the setup of hardware. One
important consideration here is the linear range of the QPD which will be evaluated through
the collection and analysis of the QPD data.
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Figure 7: Neural network at test time

Once the motion of the plant is determined from the motion of the beam from either the
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camera or the QPD sensor, feedback control can be used to guide the mirror back into
alignment to obtain lock and keep the interferometer in detection mode.

4

Project Timeline
• Pre-arrival: Literature review of the use of neural networks in control engineering,
control techniques already employed, subsystems of LIGO that non-linear control can
possibly be applied to, code review of the previously written code on laser beam tracking
• Week 1: Continued literature review. Simulation of spot motion from previously written code.
• Week 2- 3: Tracking beam spot motion. Study of classical methods vs neural network
based methods.
• Week 3 - 7: Identifying the control scheme to be used, acquiring and cleaning data,
training the necessary models.
• Week 7 -11: Extending the developed algorithm to the actual subsystem. Report
preparation and presentation.
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