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Abstract

Interferometers are extremely sensitive measurerdemices, which use the principle of
interference between two or more sources of lighgjgnerate a pattern of constructive and
destructive interference. This pattern containgrim@tion about the physical phenomenon
under study, and their light intensity can be usmdalculate the optical path difference
traveled by the two beams. The optical path diffeesand light intensity relationship is given
by a cosine type function. Large disturbances d@nge the interferometer operation point,
reaching nonlinear regions of the interferomettcve and even inducing ambiguities due to
the periodicity of the input/output relationshighelpresent work concerns with the modeling,
development and application of a control strateggel on sliding mode control, in a two-
beam quadrature interferometer. It was used the drggn approach, which consists in to fully
compensate the phase shifts induced on the semsawrith the control system, in such a way
that the voltage control signal becomes proportitméhe phase disturbances. Therefore, the
demodulation process does not require phase unmgpdgorithms. This implemented
system showed capability to improve dynamic rangé bandwidth when compared with
other control systems in literature that were basedifferent high gain approach topologies.
Also a new method of interferometric phase demdahrais proposed allying this control
strategy to a virtual emulated interferometer. Tddlsws keeping the real interferometer in
open-loop and retrieving the phase shift infornratioom the control signal of the virtual
closed-loop interferometer, thus leading to considie simplification of the required
instrumentation. An ellipse fitting algorithm wagpdied to the system, allowing the
correction of the Lissajous figure formed by bothtput interferometric signals from an
ellipse to a unitary circle. Therefore, the syststimates the phase shift even with quadrature
mismatches. Inertial sensors such as acceleromatersyyroscopes can benefit from this
system in two major points: first, the sensitivtign be increased without limiting the end of
scale of the sensor due to the proportional relatb the voltage control signal and the
measured phase shift; and second, the system cempbEmented without the need of PZT
feedback actuators or modulators and PZT drivesuitiy, reducing cost, volume and weight

of the sensors.

Key-words: Optical interferometry. Quadrature interferomegiding mode control.



Resumo

Interferdmetros séo dispositivos de medicdo extreemie sensiveis, 0s quais utilizam o
principio de interferéncia entre duas ou mais fnde luz para gerar um padrdo de
interferéncia construtiva e destrutiva. Este padréatém informacdo sobre os fenbmenos
fisicos sob estudo, e sua intensidade luminosa pedeisada para calcular a diferenca de
caminho Optico acumulada pelos dois feixes de Aidiferenca de caminho Optico e a
intensidade de luz sdo relacionadas por uma fungésenoidal. Grandes disturbios podem
alterar o ponto de operacdo do interferometro,nglmado regibes néo lineares da curva
caracteristica do interferémetro e até mesmo imdiezambiguidades, devido a periodicidade
da relacdo entrada/saida. Este trabalho preocugoars 0 modelamento, desenvolvimento e
aplicacdo de uma estratégia de controle basead=eimle com modos deslizantes, em um
interferdmetro de dois feixes em quadratura. Htizatla a abordagem de alto ganho, a qual
consiste em utilizar o sistema de controle parapemsar completamente os deslocamentos
de fase induzidos no braco sensor, de tal formaogsieal de controle se relaciona com 0s
deslocamentos de fase por uma equacdo de retant®od processo de demodulacdo néo
necessita de algoritmos de desdobramento de fassist®ma implementado mostrou
capacidade de melhorar a faixa dinamica e largarbashda quando comparado com outros
sistemas de controle na literatura, também base@mlabordagem de alto ganho. Destaca-se
gue um algoritmo de identificacao de elipse foiagulo no sistema, permitindo a correcéo da
figura de Lissajous formada pelos sinais de satdatrferometro, de uma elipse para um
circulo. Portanto, o sistema estima o deslocamaatiase mesmo com erros na condi¢ao de
quadratura. Um novo método de demodulacdo de fptieadé proposto, aliando esta
estratégia de controle com um interferometro enwbladualmente. Isto permite manter o
interferémetro fisico em malha aberta e recuperaf@amacdo de deslocamento de fase a
partir do sinal de controle do interferdmetro \atfutrazendo consideravel simplificacdo da
instrumentacao requerida. Sensores inerciais ¢tam @celerdbmetros e giroscopios podem se
beneficiar deste sistema em dois pontos princigasensitividade pode ser aumentada sem
limitar o fim de escala do sensor devido a relgm@porcional entre o sinal de controle e o
deslocamento de fase medido; o sistema pode sdenmptado sem a necessidade de
moduladores e circuitos de acionamento de PZT zreda o custo, volume e peso.

Palavras-chave Interferometria 6ptica. Interferémetro de quagdirat Controle com modos

deslizantes.
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1 Introduction

The literature about interferometry is a wide aadt\subject, since it has been used as
a laboratory technique for almost a hundred yeaeseral developments have increased the
accuracy and extended the range of applicationsopiical interferometry. The most
significant of these developments was the advettiefaser in 1960, when, for the first time,
an intense source of light, with a remarkably hilgigree of spatial and temporal coherence
became available (HARIHARAN, 2003).

Optical interferometry can be described as a measemt technique, which is based
on a phase shift on the electromagnetic field & beam of light, produced by a physical
guantity to be measured. In general, the deteafoalectromagnetic field phase in optical
frequencies (Terahertz) is a nontrivial and prdhibitask, due to the lack of instrumentation
capable to operate in such high frequencies. Camithis phase shifted beam with another
beam of light (used as a reference of phase), dladive phase can be estimated from the
optical intensity, measured with conventional iastentation, such as quadratic law

photodetectors allied to a transimpedance circuit.

The interference phenomenon that occurs with thexlapping of two or more light
beams can cause maximum and minimum points ofaptitensity as a result of constructive
and destructive interference between the diffelight beams. These intensity distributions
are called interference fringes (UDD; SPILLMAN, 401

When both light beams of the interferometer have gsame wavelength, it is called
homodyne interferometer, and when the phase shafteldthe reference beams have different

wavelengths, it is called heterodyne interferometer

The main advantage of interferometric sensors cofr@s their extremely high
sensitivity, when compared to other matured setstnologies. Adversely, this quality is
also their main drawback, since they are more gide to spurious disturbances which,
allied with the nonlinear nature of the interferdarecharacteristic curve, can cause signal
fading (UDD; SPILLMAN, 2011; SHEEMt al., 1982), as well as ambiguity of results and
direction (CHENEet al., 2014). This behavior usually leads to nontriiedbcedures to extract
the signal of interest, due to the complexity of #ignal demodulation process, since it is

phase-modulated with a superimposed fading signal.
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It will be presented in Chapter 2 that the two-behomodyne interferometric

characteristic curve can be expressed as:

I(t) = %"{1 + Veos[Ag(t) + dol}, (1)
wherel(t) is the optical intensity outpuly is the optical intensity of the laser beam in the
input of the interferometric system add(t) is the phase shift related with the physical
quantity to be measured. Facioiis the fringe visibility, a parameter that varieghe range
of 0 up to 1 and takes in account the paralleligtwben the electrical field and polarization
of the two combining beams and their optical inties The parametep, ideally is a static

phase shift related to the difference betweendhgths of the interferometer arms.

When the static phase shif, is equal to (ig +2k7r) rad, for k € Z, the

interferometer operates at its maximum sensitipigynts. As it can be seem in Figure 1,
where ¥ = A¢ + ¢, these operation points are located at the cesftehe quasi-linear

regions of the cosine characteristic curve andsequently, for interest signalsp with
amplitudes much smaller thai’zﬁrad, the output optical intensity can be considered

proportional tAA¢.

Figure 1 - Interferometric characteristic curve.

[1+ V cos(¥)]

Ig
2

Source: (Modified from MARTIN, 2018)

In an ideal caseg, should be constant. However, due to the real-wegddrious
disturbances over the interferometer, caused by@mental changes, such as, temperature

variation (even on the scale of micro kelvin), weadchanical vibration and air turbulence, it
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is actually a quasi-static quantity (whose varmtiosually occurs bellow 20 Hz
approximately). Because of this, in practice, bliserved that in a few seconds the amplitude
of this drift can easily reach the order2f rad or greater (SHEEM al., 1982). Eventually
the drift of ¢, may lead the operation point of the interferometekr rad, fork € Z,
therefore the operation point may lie in the mamtlimear regions of the characteristic curve.
The interferometer input/output relationship in arfiyhese regions distorts and attenuates the

output signal, which may vanish (see Figure 1} ghienomenon is known as signal fading.

Another drawback that the nonlinear nature of titerferometric characteristic curve
brings is the ambiguity of phase shift8(¢)) direction. As it can be seen in Figure 2, the

optical intensityl (t) would be the same, regardless if the phase dhifieanput was¥(t) or

—Y(t).

Figure 2 - Interferometric characteristic curve with high modulation depth input signal.

FA+V)
)
15}
8
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=
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I
~
I . .
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=l
\-
U [rad|

Source: (Modified from MARCAL, 2008)

Different techniques to overcome the signal fadiage been published in literature
such as homodyne and heterodyne techniques, watitrapor temporal approaches as well as
open-loop or closed-loop methods (UDD; SPILLMAN 12).

When using the closed-loop methods, a common amidspread methodology to
control nonlinear interferometric systems and avthid signal fading is to perform the
linearization around an operation point by using/l®a series. This approach allows the

designer to use the well-developed theory of lireeentrol and, for example, techniques based
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on root locus, Bode and Nyquist diagrams, and modentrol with the description of the
system using state space modelling (MELCHION&Ial., 2015; KARHADEE€t al., 2010;
PARK et al.,, 2005). Another interesting approach, sometimesdled “feedback
interferometry” (SHIRAI et. al, 1999; CHEUNG et, &003), utilizes closed-loop to convert
the well-known cosinusoidal input/output curve giviey (1) into a saw-tooth profile, where
output intensity varies almost linearly within aven interferometer phase range. Works
previously reported by some authors (FRITSCH ; ADBWSKY, 1981; BASILEet al.,
1991) presented as main drawbacks of this apprtaehneed for reset circuits and the
limitation of operating only in small deviationsoand the operating point (FLEMMING;
ROUTLEY, 2015; CHAO; FA-JIE, 2011), once the cohttesigned for the linearized system
can only guarantee local stability.

In the particular case of reset circuits, the resdtage action will interrupt the
measurement function, and this reset glitch careredy compromise the phase detection
capability of the sensor temporarily. In many padtions, it has been described how to solve
this problem by using an optical fiber Michelsotenfierometer and employing fiber Bragg
gratings (FBGs) (XIEet al., 2009a; XIEet al., 2009b; XIEet al., 2009c). However, the reset
system is adequate for laboratory conditions hificdit to be used in real-world applications.
Moreover, even such an approach still follows thassical concept of a closed-loop
interferometer established in the 1980s, by usingpgrtional-integral-derivative (PID)

controllers.

In this scenario, one can observe that only fevhaut exploit the full potential of
advanced control theory to solve the interferomptoblem, which makes clear that this issue
is a very promising field of investigation. Examplef works that use such modern theories
include some versions of closed-loop optical vadtagnsors (OVS) based on Pockels effect, a
kind of polarimetric interferometer whose inputqowtt characteristic curve follows equation
(1). Based on the Lyapunov or Lyapunov—Krasovikictions, control schemes have been
designed as robust as possible to solve this problelLl et al. (2015) and LEt al. (2014). A
control algorithm was developed to guarantee cldsepd OVS mean-square exponential
stability with a prescribed H performance level. Robust control law and Lineaati%
Inequalities (LMIs) were also applied in (Hetlal., 2013) to implement a tracking system for
the gain drift of the phase modulator based on-fbaie modulation, which provides a
significant improvement in the performance of aniagh voltage sensor, and in (DENgb
al., 2017) for analysing the influence of opticalgraeters on the performance of closed-loop
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OVSs based on Pockels effect, aiming the propdsaloontrol algorithm that suppresses the
nonlinearity caused by the non-ideal parametersomtical devices for optimizing the

detection precision of sensor. However, in the exinof LMI applied to these systems, the
projects still take into account the linearizedtegs Since the interferometer is a nonlinear
system, the linearization can limit the operatimgge around small deviations from the
operation point, and in cases of large disturbartbes closed-loop system may reach
instability, not ensuring the necessary robustnassyracy and inserting the need for reset

circuits.

The control strategies generally used in closeg-lbomodyne interferometers are
concerned with the compensation of the spurious fleguency disturbancesgp{). Some
authors, however, have used control systems to ensgpe both the spurious signals and also
the signal of interesA¢, by the so called “feedback interferometry”, asntrened before
(EOM et al., 2001; FRITSCH; ADAMOWSKY, 1981; FISHER; WARDEZ919). This
approach allows obtaining a proportional relatiopdbetween the signal of interest and the
control signal used to drive the actuator of thetaw. In this way, the accuracy of the
interferometric systems can be combined with araegn of the measuring range and real-

time operation of the system.

The work described by (FISHER; WARDE, 1979) useaihgle-pole low pass-filter to
control a bulk homodyne Mach-Zehnder interferometenere, by the adjustment of the

cutoff frequency and the gain of the filter, theéhaw was capable to compensaig within
the limits of3.5m rad of phase amplitude for low frequencies and|dnges up to;E rad for

150 Hz of bandwidth. In 1981, Klaus Fritsch and gany Adamowsky (FRITSCH;
ADAMOWSKY, 1981) proposed an electronic controlcaiit for a single mode optical fiber
Mach-Zehnder interferometer. The control system migsed two cascaded integrators and
allowed the detection of phase shifts of the oafes00 urad rms for frequencies above 500

hertz. After its warmup, the system usually resetece a minute.

In 2001, (EOMet al., 2001) proposed a dynamic compensation of nceityein a
homodyne laser interferometer, where a computéeateld two phase-quadrature signals, and
calculated the DC offsets, the AC amplitudes amddifference from the phase-quadrature by
the elliptical fitting with a least-squares methdtie authors, however, reached 0.2 Hz for the
update rate of the control voltages and conclutiatithe system cannot be used in real-time

applications.
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More recently, in the work (XIEt al., 2017), the quadrature technique together with a
novel iterative algorithm with a digital lock-in pee demodulator was proposed in order to
compensate the nonlinear error of a heterodyneféntemeter caused by phase demodulating
electronics. The algorithm used the quadrature assgniterative translating and scaling
transforms, to correct the phase diagram of thedutput signals of the phase demodulator
from an ellipse to a circle at the origin. The expental setup used polarized light in order to

obtain the quadrature signals.

Up to the moment, the group at LOE (Laboratory gtd@lectronic - UNESP - Ilha
Solteira) has achieved good results in implementimegnonlinear control system based on
variable structure in bulk Michelson interferomsteand in all-fiber Mach-Zehnder
interferometers. This control technique showed stiress, low cost and easy implementation
(MARTIN etal., 2017a; MARTINet al., 2017b; LYRAet al., 2019).

Within this scope, the present work concerns wlid application of a novel sliding
mode control using the high-gain approach (as dessgl by Udd and Spillman, 2011) to
fully compensate the phase shift ¢f and A¢ in a Michelson bulk interferometer. The
interferometer was modified, as proposed by (LEME&]4), in order to generate phase
guadrature signals, exploring the spatial phadt Iséiween consecutive interference fringes,
therefore without the need of complex polarizingicg As it will be further discussed in this
text, the proposed technique has potential to asgethe frequency bandwidth and phase
dynamic range of operation when compared to sins§y@tems based on high gain approach

described in literature.

Also an innovative concept of demodulation methadduadrature interferometers is
presented, having the main advantages of estim#éitiegpohase shifts in real-time, without
applying phase unwrapping algorithms and withouting a feedback PZT in the reference
arm of the interferometer. This proposed methods uke output signals of the open-loop
guadrature interferometer and performs a calculatith a dynamic system digitally
implemented, in such a way that the overall sysib&romes equivalent to the closed-loop
guadrature interferometer using the high gain aggroIn other words, it is an equivalent

system, but virtually controlled.

In Chapter 2, a brief theoretical background of tveam interferometers is presented,
covering the experiment of Young, which serves asisfor the subsequent deductions of
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Michelson bulk interferometer and the modified Midon interferometer, in order to

generate the output signals in quadrature.

The sliding mode control theory is briefly explainen Chapter 3, as well as the
modeling of the interferometric system in statecgpaariables and the choice of the sliding
surface. Yet in this chapter, the stability anaysilosed-loop simulations and theoretical
phase plan are presented. At the end of the chameslso explained the new concept of
demodulation method for quadrature interferometesing the equivalent system virtually

controlled.

In Chapter 4, it is described the implementatiothefcontrol and logging data system
in the chosen embedded plataform, the main ditiiesiland associated practical issues. The
description of the experimental setup and procedad®pted to evaluate the control system
are presented. And also, the implemented equivagstem virtually controlled with the
ellipse fitting algorithm, in order to guaranteeetlphase shift estimation, even with

mismatches in the quadrature condition betweetvibenterferometers outputs, is discussed.

Finally, in Chapter 5 the main conclusions and psas for future works are
presented.
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5 Conclusion and future work

This thesis presented, firstly a theoretical stubout two beam interferometry,
starting from Young's experiment and, as it wasashin the previous work of (LEMES,
2014), how spatial displacement on the fringe patt=an be used to obtain a quadrature

interferometer without using complex polarizingiopt

Then, a suitable state space modeling for the fertaneter was found, in order to
apply a control strategy based on sliding moderoband high-gain approach. The objective
of this method is to fully compensate the phasé siiluced on one of the interferometers
arms. The major advantages are that the induceseaft can be retrieved from the voltage
control signal, once they hold a proportional rielahip. Consequently there is no need to
use phase unwrapping algorithms. This leads tadpeability of the system to operate in real-
time. The stability of the closed system was stlidand the proposed system showed to be
stable in all quadrature points.

Simulations and a theoretical study about the baundayer were carried out to
analyze the behavior of the system when changspgatameters, such as gain and sampling
period. It is highlighted that for the smallestualof gain that still is greater thiip + |,
the sign function operating with the higher samplirequency showed a smaller boundary
layer when compared with the sigmoidal function.tBg other hand, for values of gain much
greater than|A¢ + ¢|, the sigmoidal function showed smaller boundaryeta when
compared to the sign function. As a drawback, thlgmaeidal function decreases the
robustness of the control system, representingaetff between chattering and robustness.
Also the behavior of the system trajectory, ingite boundary layer defined by the sigmoidal

function, was studied.

In the laboratory stage, the modified Michelsoreiféarometer was assembled, and
experimental tests were carried out using the implged control system. The results showed
similarity with the simulations, and comparing witither high gain approach systems
described in literature. This work showed an imgraent of dynamic range and bandwidth.
It is noteworthy that the results of the frequerbyaracterization of the PZT stack actuator

PK2 are in agreement with the results obtained thighlow modulation depth method.
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The current systems discussed in literature, opgrat high-gain approach, still use
the linearization around the equilibrium point, @sample, utilizing Pl controllers which
presents the reset limitation. It is important twenthat high-gain approach interferometry
topologies, operating with the physically closeddphas as main drawback the need of a
precise calibration of the PZT feedback actuatoth@nreference arm of the interferometer,
and therefore the interferometer no more consttateprimary standard for displacement

measurements, as happens with the low gain appreasions.

Attempting to solve this problem, the new concepthe equivalent system virtually
controlled showed to be a suitable alternative teasare interferometric phase shifts,
presenting the great advantage of not needing aigdilly feedback PZT actuator and linear
voltage amplifier to drive it, reducing cost andrdware requirements. The implemented
guadrature correction algorithm showed to be of @aplementation, while also showed to
be capable to deal with slow variations of the pHetectors error positioning. The overall
system implements the feedback loop by softwaretherkfore, the phase correction signal
¢. is obtained in radians. This feature allows theerierometer to be again a primary

standard for calibrated displacement measuremehtrensystem can operates in real-time.

The results obtained with the ES for the charazaéion of the PZT stack actuator
PK2 presented an imperfection on the phase frequessponse, due to a transport delay
between the input and output of the implementedrobisystem. The transport delay was
experimentally determined and corrected in the @Hasgquency response, which does not

introduce a distortion to phase correctifgn

The ES was able to operate in real-time with fregies up to 500 Hz, however for
applications that demands higher frequencies ofatio® it would not be suitable. In order to
attempt such demands, a post processing routirezl msthe same algorithm used in the ES
was designed, tested for higher frequency sigrmadscampared to the algorithm proposed by
(LEMES, 2014). The results shown convergence betvexdh methods and also the error
between them was presented, that can be minimireddh the adjustment of the boundary

layer.
The proposed next steps on the development oiibiik are:

a) To optimize the FPGA code of the implemented edaiMasystem, decreasing the

length of the words of the fixed point data, whid&ing care to not induce significant
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guantization errors; change the period of quadeatarrection algorithm, in order to
decrease the time delas;] and to change the sine and cosine functionsemehted
in the FPGA by look up tables. These improvemehtsikl reduce the transport delay
of the system.

b) To assemble an optical fiber quadrature interfetemen order to also apply the
proposed control system.

c) To implement the strategy described by (Su; Drakuiergiiner, 2000), where the
proposed boundary layer can be made a functidif afistead of only a function of,
therefore, reducing the thickness of the boundamer and by consequence, the
chattering of the system.

d) Develop a study using terminal sliding modes arsgdréite time sliding modes.

e) Implement the analogic version of the ES virtualbytrolled.

f) Develop an algorithm to adaptively change the geaid the sigmoid parameterin

order to minimize the boundary layer, while obeyihg reachability criterion.

It is also important to highlight that the convental operation of interferometer based
sensors working in high modulation depth mode, ireguphase unwrapping algorithms in
order to estimate the phase shifts unambiguousisually those algorithms are post
processed, bringing limitations to real-time operatof the sensors. Therefore, most of the
applications restrict the end of scale of the setsmperate at low modulation depth. With
the control system proposed in this work, the mesamant of phase shift becomes a simple
multiplication of the voltage signal applied to teedback PZT by its frequency response, or
using the ES virtually controlled, the phase sisiftlirectly obtained from the voltage control
signal. This makes the operation in high modulatiepth possible without the need of phase
unwrapping algorithms and therefore, increasing iiximum sensibility that could be

reached.
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