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NOVEL CONTROL AND COMMUNICATION APPROACHES
FOR PERFORMANCE IMPROVEMENT
IN NETWORKED CONTROL SYSTEMS

SUMMARY

Teleoperation stands for controlling mobile or non-mohih@nipulators from a
geographically distant location. Hazardous area exptorat chemical material
deposition systems, telesurgery and aerospace applisaie among the application
fields. Due to its broad and popular application fields, teézation systems recently
became an active research field.

The main problem of a teleoperation system is to provide lssorgzed control of
positions and forces. This syncronization problem is diyeelated to communication
channel between geographically separated motion congsiesis. In particular,
today the whole world is connected via the Internet, chodee Ihternet as the
communication channel is economically very advantagediakat, bununla birlikte
Internetin dezavantajlari da yok@i&ir. Indeed, carrying signs over the Internet, can
cause deterioration in stability and control performantéhe control system. This
problem is due to the delay characteristic of Internet nradilExcept for the time
delay, the inverse relationship between bandwidth and bagmate are also negatively
affecs the performance. System performance is sensitivartsferring performance of
haptic interaction between slave manipulator, and alssitesto the master trajectory
tracking performance of the slave manipulator.

The most basic feature of control over the Internet, by campa to the traditional
time-delayed control is; the delay time is not tied to a sfpeaile change. This feature
creates a new disturbance effect on the system. The disttebzan be suppressed
by traditional disturbance suppression techniques in ttaseisturbance effects only
feedback path. However in our case, the disturbance afbetts on feedback and
control paths. Than, it is essential to develop commurocatiriented methods, to
suppress that disturbance caused by Internet delay.

This thesis has two core architecture proposed to Telebperproblems. In one
of these solutions, the master side has a sliding mode adrsand the slave side
has the model following controller. The value of the comneation delay between
master and systems, is fixed by using delayed regulator toxamen value, which

is determined during the design process. In the second@o|dhere exist Astrom’s
Smith Predictor instead of Sliding Mode Observer. In botlitsons there exist delay
regulator structure to fix variable delay.

In this thesis, to increase the performance of the proposee architectures on
robustness, bandwidth and synchronization issues, als@ ®xtensions have been
proposed.

The first of these add-on is a control signal correction sa&wnensure robustness. The
biggest factor distorting robustness, to exceed the astlak of the Internet delay
to the designed value of the Internet delay. Then, the delgylator can no longer

XiX



fix to the designed maximum delay value. With this proposedcsire, but not the
form of the control signal, the effect of the system can beemted. Thus, while in
transient dynamics disturbances can be still observedehemn steady state they can
be eliminated.

One of the major factors that affect the performance of a agding control algorithm
is the loop execution frequency. The fact from Nyquist tlyeonplies that the
shorter sampling period yields the wider bandwidth of thgnal. Conflicting
nature of bandwidth limitations and sampling rate haveadimnsequences on the
performance of the controller and vivid haptic sensatiomfthe remote environment.
For bandwidth optimization problem, thesis proposes a ¢esgon-decompression
system using Wavelet Packet Tree as a novel approach feetalaontrol systems.
The method is also compared with another recently propgsebach that uses DFT.
Experimental results show that the performance of the WRE&daompression system
is better than DFT, almost for every compression ratio.

Third add-on focuses on syncronization problem. For thetsmi of synchronization
problem, a Grey system theory based PIDC (Predictive Ingl@ypCompensator) is
developed and implemented for the prediction of the mastamipulator motion in
order to reduce the transmission latency between the masiesiave. Our philosophy
is to reduce the latency in every way possible within our bdjg considering
network latency is unavoidable and random.

The aim of the last add-on is to provide haptic sense of slave@ment to the
operator who is located in master side. To realize this alma,dontact point with
respect to the origin (which is measured by lazer range sersw parameters
of interacted environment are send to the master side. Inemagle, those data
comming from sllave side and master manipulator positicth wespect to the origin
are fused, and reaction force is generated for applyingabper This method is two
advantageous. The bandwith requirement is less than tlee fotfte control methods,
because the parameters doesn't vary frequently. The sectvaditageous is that, while
the lazer range sensor can measure the contact positiorasghct to the origin before
contact occurs, the reaction force can be applied to theatqrgpro-activly before the
contact occurs.

Each of the designed algorithms runs real-time in severaor&ed control systems.
There is no need to be a exact best solution which solvesalgms. Each addon has
drawbacks such as added computational cost, added ddiaynation lost. Here, It
can be said that, we propose a set of tools which can glued doeasolution, so the
designer can optimize it for his needs.

As a conclusion, proposed structure achieves extent eeh@mt of the existing
literature in position control, and achieves acceptabléopmance in force control.
Also, for both in position control and force control, low laavith requirement of the
proposed architecture makes it superior than the similakwvin the literature.
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AG UZERINDEN KONTROL S ISTEMLER iNIN
~ PERFORMANS IY ILESTIRMESI IGIN
YENI KONTROL VE HABERLESME YAKLASIMLAR]

OZET

Teleoperasyon mobil veya sabit bir manipllatér@redi olarak uzak bir noktanadan
kontrol etme anlamina gelmektedir. Tehlikeli bolgelerdanaa/tarama, kimyasal
madde isleme sistemleri, uzaktan ameliyat sistemleri xayuobotgi sistemleri
gunumuzde teleoperasyon uygulama alanlar arasindaabdyil Uygulama
alanlarinin bu kadar genis ve populer bir yelpaze olusasirteleoperasyon konusunu
aktif bir aragtirma alani haline getirmistir.

Teleoperasyonun en temel problemigcafi olarak uzak sistemlerin senkronize
edilmesidir. Bu senkronizasyon problemigrafi olarak uzakta bulunan bu iki sistemi
birlestiren haberlesme kanali ileg@mdan ilintilidir. Ozellikle, glinimiizde tim diinya,
Internet Gzerinden birbirine & oldugundan, haberlesme kanali olarak Interneti
tercin etmek ekonomik olarak ¢ok avantajlidir. Fakat, buaubirlikte Internet’in
dezavantajlari da yok dddir. Nitekim, Internet Uzerinden igaret tasima, kot
sistemlerinin kararlijinda ve kontrol performansinda bozulmalara neden otabili
Bu probleme Internet ortamindaki zaman gecikmesi sebep @aman gecikmesi
haricinde, performans band geniglive 6rnekleme hizi arasindaki ters iliskiden
de olumsuz olarak etkilenmektedir. Sistem performansicayefendi taraftaki
operatdrin kdle taraftaki manipulatorin etkilesimde ugld cevreyi dokunarak
algilama basarimina, kéle taraftaki mantpulatorin dedeferaftaki mantpulatorin
yoriinge takip basarimindan da fazlaca etkilenmektedir.

Internet Uzerinden kontroll, geleneksel zaman gecikmehtdolden ayiran en
temel 6zellik, zamanda gecikme siresinin belli bir kuradglbkalmadan dgisiyor
olmasidir. Bu dzellik sistemde yeni bir bozucu etkisi yaraGelistirilen efendi-kole
mimarisi oncelikle bu bozucuyu bastirmalidir. Bozucunwadexe geribesleme
hattinda olmasi durumunda olumsuz etki geleneksel bozw@siirima yontemleri
ile bastirilabilirken, bozucunun kontrol isareti hattanda etkili olmasi haberlesme
kaynakli bozucu bastirma yontemlerinin gelistiriimesgjerektirmektedir.

Bu tezde teleoperasyon problemine iki ¢cekirdek mimari imestir. Bu ¢ozimlerin
birinde, efendi tarafta kayma kipli bir gozleyici ve koleraéta model izleyen bir
kontrol6r bulunmaktadir. Haberlesme gecikmesinin dedem efendi sistemden kdle
sistem yonune, hem de kéle sistemden efendi sistem yonUoiknge d@rultucusu
ile tasarim sirecinde belirlenen bir maksimungele sabitlenmistirlkinci ¢6ziimde
ise, efendi sistem tarafinda Astrom’un Smith Predictonggpe kole sistem tarafinda
yine model izleyen kontrolér bulunmaktadir. Gecikme regiileri bu ¢cozimde de
kullaniimaktadir.

Tezde, yukarida sunulan cekirdek mimari yapisinin daydrkk bandgenisiji ve
senkronizasyon performansinin arttirrmirglsgacak eklentiler de dnerilmigstir.
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Bu eklentilerden birincisi dayaniklgi garanti altina almak icin dnerilen kontrol isaret
diuzeltme yapisidir. Dayanikigin en blyuk engeli gecikmenin tasarlanargyetén
ustine ¢ikmasi ve gecikme regulatorlerinin gecikmeyitsa@memesidir. Bu 6ner-
ilen yapi ile kontrol isaretinin kendisi dd, sisteme olan etkisi dizeltilebilmektedir.
Boylelikle gegici rejim dinanfjinde bozukluklar gérilmesine ragmen surekli halde bu
bozukluklar ortadan kalkmaktadir.

Ayrica haberlesme hattinin ¢ikti hizi da ¢oézUlmesi gerekaska bir problem
kaynadir. lkinci eklenti bu problemi ¢ozmektedir. Cikti hizinin lithikontrol
sistemini mekanik sistemin dinaginin limitlediginden daha dusik bir Nyquist
frekaninda calismaya zorlar. Bu nedenle 6rnekleme hitirldrerken sadece
mekanik sistem dgl, ayni zamanda haberlesme ortaminin ¢ikis hizi daadikk
alinmahdir. Cikti hizina uyum gémak icin drnekleme frekansini distrmek kontrol
sisteminin dgrulugunu da beraberinde dustrecektir. Ayrica drnekleme halzigiirme
sisteme eklenebilecek olan EKF gibi yuksek drnekleme fekgerektiren modern
gozleyicilerin de kullanimini kisitlar. Bu tezde, ayriba, tip problemleri ¢ozebilecek
ag haberlesmesi kaynakli yaklasimlar da onerilmekted@ikti hizini en iyileme
problemi icin tezde Wavelet Paketgaci (Wavelet Packet Tree-WPT) donusumuni
temel alan yeni bir sikistirma yapisi 6nerilmistir. Buypyéiteratiirdeki DFT tabanli
yapi ile karsilastinimistir. Yagimiz deneyler WPT tabanli yapininin hemen hemen
her sikistirma oraninda DFT tabal algoritmadan dahaoiyus verdgini gostermistir.

Ucuincui eklenti, senkronizasyon problemini hedeflemektedfifendi ve kole taraf
arasindaki senkronizasyonu etkileyen en énemli unsgadolarak @ gecikmesinin
blyukligudidr.  Genelde teleoperasyon problemi hep kararhlik irda ele
alinmistir. Oysaki sadece karafi@ odaklanmis algoritmalarin gafi olarak uzak
mesafedeki sistemlerin senkronizasyon problemlerini ded{@ini sdylemek pek
mumkun d@ildir. Bu senkronizasyonu iyilestirmek i¢in performanselirleyen
diger bilesenleri de dikkate almak gerekir. Teleoperasgomdferans isareti genel
olarak operator diye adlandirilan bir insan tarafindanstitulmaktadir. Insanin
dogasini dusundjiimizde, band genigli entegre sisteme oranla cok kuguktir.
Senkronizasyon probleminin ¢ézimi icin tezde Grey Teobamh bir kestrici
onerilmis, ve efendi maniplatdrde gercek referans yoegnglusmadan bir kestrim
yorungesi olusturulmustur. Boylelikle efendiden kdegtki stresinin kisaltilmasi
hedeflenmistir. Bizim buradaki felsefemizgy &aynakl gecikmelerin kacinilmaz ve
rastgele oldgunu bilip, imkanlar dahilinde dier tim gecikmeleri azaltmaktir.

Son eklenti kole taraftaki mantpulatoriin ¢evreyle olanlegknini operatdriin de
hissetmesini gglamak i¢in yapilan eklentidir. Bunun icin koren bagladii nokta
(lazer mesafe sensori ile dl¢ulir), ve etkilesilen cevremekanik parametreleri efendi
tarafa yollanir. Orada efendi mandpdlatoriin poziyon bilge alinan parametreler
kullanilarak operator icin tepki kuvveti olusturulur. Bydntemin iki avantajl
vardir. Bunlardan ilki parametreler yavasgiliginden (hatta pek dgsmedginden)
diger kuvvet geri beslemeli sistemlere oranla bandgdjiglitiyaci daha azdir.
Ikinci avantaji, kontak noktasinin lazer mesafe sensd@ibiiceden olcildiiinden
dolay1, tepki kuvvetini operatore yansitmak icin kajtaolmasini beklemeye gerek
kalmamasidir.

Tasarlanan algoritmalar bircok deney duzginde gercek zamanli olarak denenmistir.
Bu calismada her problemi en iyi sekilde cevaplayacak lbizionden ziyade,
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tasarimcilarin kendi spesifik problemlerine uygun bir aiimke secebilmelerini
saglayacak bir cozum kiimesi arastiriimistir.

Onerilen herbir eklentinin 6nemli yararlari oldugu gilsilém yiku, gecikme maliyeti,
bilgi kaybi gibi sakincalari da vardir. Amacimiz tasarimi kendine en uygun
c6zimu secebilmesidir.

Ozetle, genel olarak bakiginda Onerdjiimiz yapi mevcut literatir ile
karsilastirildginda pozisyon kontrolinde ©6nemli olctde iyilestirme, vket
kontroliinde ise kabul edilebilir bir performansgsamaktadir. Ayrica band genigli
ihtiyaci da hem pozisyon igaretinin sikistirilarak golnasi sebebiyle, hem de kuvvet
bilgisinin parametrik olarak yollanmasindan dolayi lgirdeki emsallerine gore daha
basarili ve 6zgundur.
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1. INTRODUCTION

1.1 Motivation

Teleoperation and bilateral control systems have beeactitig significant interest due
to their potential to contribute to human life; i.e. telemed robots that contribute
to safety [2] and security [3, 4] in hazardous environmemtexploration in remote
areas [5], or medical robots that can perform telesurgery][6 Irrespective of the
application, bilateral control is faced, to some extenthvgroblems resulting from
uncertainties on the slave side and unpredictable netwel&yd, which becomes

significant when internet is used as the communication media

Numerous studies have been performed for time delay comapensin bilateral
control systems.The scattering variables approach [&,passivity based approach,
using transmission line theories. In this approach, tha ttansfer between systems
is designed in a way to avoid losses, hence ensuring passiie method has been
initially designed for constant delay, and further extehttevariable delay. However,
although stability is guaranteed according to the pasgsivieory, no transparency
analysis is provided with the scattering variables metidde wave variables method
in [9] is also derived from the scattering variables thedogsed on the addition of
a damping term to ensure stability in terms of passivity. Eesv, in this method
transparency and stability are conflicting performanceipaters. This issue is often

addressed by the adaptive tuning of damping.

There are also sliding-mode control (SMC) approaches asGnifl]. In the field of

medicine, for example, there is active research on timaydmpensation using SMC
framework [12]. Other examples are [13], which uses SMC asse or developing an
efficient and robust adaptive fuzzy controller; in [14], e@lent control based SMC
is used mainly for control delay compensation; in [15] thesteacontrol is performed

via an impedance controller and the slave control via SMQGrotiar. A recent study



has proposed an SMC framework to simplify the interpretatibtasks in a multibody

mechanical system, applicable to bilateral and multiteontrol [16].

Sliding-mode control (SMC) based approaches in bilatesatrol often consider the
delay effects as a disturbance, hence seek ways to make stesrsyobust to such
disturbances via control. The well-known chattering peoblassociated with the
standard SMC concept can only be reduced with very high bmigcfrequencies,

which naturally conflicts with the conditions of time delaystems. To address this
issue, chattering-free SMCs are proposed, but the high gmjnirement of such
systems is a major cause for instability under time-delagddmns, yielding an

acceptable performance mostly under short time-delayrtghthan the sampling

interval).

Smith-Predictor (SP) based applications perform timeyde@mpensation by using
the system model and time delay model. Hence, the standaitth &nedictor [17]
will provide a good performance under known model and detayddions, but will
perform very poorly under random network delay, model aradlancertainties,
inherent for bilateral control systems. If we ignore meamgnt path, we see that
there is a model and controller closed loop on the master Sitie controller feeds
both model system and slave system. If both model and slavé¢har same, then
the output of the slave system tracks the output of the mogtes with a time
delay. Because the output of the model system tracks theergfe signal, it can
be assumed that plant will also track the reference with #mestime delay if the
modeling of the plant is accurate. However, when there £xmssmatch between the
model and plant, there will be an error at the plant outpute teasurement path
is used to suppress that error. The output of the model iscaliy delayed as long
as the network delay and subtract ed from the measuremenrdl sigming from the
plant at master side. That difference is added to the referbased on a set point
regulator structure. Here, we see two bottlenecks; one ageimant which is used in
the generation of control signal of the actual slave platrgt.model mismatch can be
modeled as a disturbance and that disturbance increaske hysmatch amount. The
other bottleneck is the artificial delay for synchronizingasurement coming from
the slave side to master side through Internet. The misnistkeen actual network

delay length and artificially generated delay length is alsother disturbance source.



Moreover, in this control structure, there is just one colier which should satisfy
tracking constraints and disturbance supression. To owsgdhat problem Astrom
adds an other controller to the standard Smith predictor.a Assult, the degree of
freedom of the controller increases and the objectivesawking performance and
disturbance rejection because of mismatches are shamgddaethose two controllers.
Consequently, Astrom’s Smith Predictor [18] improves Spesformance to some
extent in the face of uncertainties, however, for an act#piaerformance in bilateral
control applications like the one in consideration, adadiil measures should be taken

for delay regulation and disturbance rejection.

A more recent approach in bilateral control is the consid@naf the communication
delay effect as a disturbance, which is further addressetdgesign of an observer,
namely, a communication delay observer (CDOB). The methahown to be more
effective than the Smith-predictor approach due to its pretelence of modeling
errors and capability to handle variable delays as norneihected with the internet.
Moreover this method is as applicable to a SISO system agitvBMO systems [19],
[20]. The CDOB approach lumps the delays in the control andsueement loop and
proposes ad-order observer derived under the assumption of a linedesysThe
approach is based on the empirical determination of theffcgtoand more recently,
of the time constanfl. Although performing well under constant delay, the aushor
mention ongoing problems in practical applications undeiable time delay and slave

uncertainties.

The weight of the studies in the literature appear to be efast around passivity,
CDOB, and Smith Predictor based approaches. Other metlemdaim weak and

redundant. However, these three more established metlsmdsave issue:

Passivity based approaches transform distributed paesnogtuits approach from
electronics domain to mechanical domain. Here, both masterslave manipulators
are modeled by a one port network, and the Internet commumicanedium
is modeled by a transmission line. Under those assumptipassivity-based
control systems behave as an adaptive impedance matchiagt,ciwhich aims
to supply passivity constraints or suppress scattering. ileMnansforming from
electrical concepts to mechanical concepts, potential-flassification is used [21].

In potential-flow classification, voltage counterpart isctorque, and current
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counterpart is velocity/angular velocity. Then we can dast the control aims is
to minimize the error between master side and slave sideciiel®, and master
side and slave side forces. Because making the velocity eem is the primary
objective of the control (and not the position error), @itransient response and also
numerical roundoff errors cause position mismatch erfdiaeover, the force control

performance is highly sensitive to bandwidth. [1]

Smith Predictor based methods give rise to steady state elue to model
mismatch. Such approaches can provide moderate force awi@rate position

tracking performance, however the performance is straghay dependent. [22]

Disturbance observer based methods have also steady stateagain because of
model mismatch [23]. Despite providing good force trackitige position tracking
performance is quite poor. This can impact the ultimategerance poorly by causing
the application of a correctly estimated force to an inaatly estimated point. Its
stability is not depend on delay. It was proven under rearauntinental Internet
delay experiments. However the performance of CDOB approateriorates under
low bandwidth constraint. Therefore this approach needstaarking infrastructure

which can supply high bandwidth, to give satisfactory resyp2, 24]

1.2 Purpose of the Thesis

The purpose of this thesis is the design and implementatiomoweel control and
communication approaches for performance improvementeiwarked controlled
systems, predominantly by addressing the above discussees, not adequately
addressed in the literature so far. Networked control iedéht from the traditional
time delay control since in that case delay time is varyinghstime. This phenomena
results in an additional disturbance being injected in® slgstem. The developed
configurations should solve firstly the effects of that dis&nce. For the effects
in the feedback path, traditional disturbance suppresgchniques can be used.
However, the effects of the delay on the control (forwardhpand the network
throughput are two other important issues to be taken intwsideration; i.e. A
network bandwidth that is slower than the system dynamitisletermine the Nyquist
frequency of the system for adequate control performandeeréfore the sampling

time should be reduced. Reducing sample time causes dedraasuracy, and can
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render some modern observers useless. The purpose of Hig ihéo develop and
experimentally test communication, estimation, predittiand control approaches
which address some problems of networked control systemf#ve significant effect
on the performance. A detailed description of each problathsolution is given in

related sections.

1.3 Contributions of the Thesis

In this thesis, our main contribution is solving the tele@p®n problem with a
novel combination of known methods Astrom Smith Predic&B®), Delay Regulator
(DR), and Model Tracking Control (MTC). Neither of theseustures alone, nor any
combination of two of those structures can resolve the magoperation problem.
However, by our proposed novel model based proposed steyctushich is an
integration of these structures, addresses the teleapepbblem adequately with no
steady state error, and very good position tracking. Mogedwemonstrates perfect
position tracking performance under maximum assumed gdelayle maintaining
stability even when the maximum assumed delay is exceededhid thesis, this
solution will be called core solution. This novel core netkexl control architecture
will be discussed in Chapter 2 in detail. The main contrimutof the thesis is the

design of a master-slave core configuration that has theWoil positive attributes;

e The core architecture has the capability to compensateirfte varying delay

problems under maximum delay assumption.

e The core architecture is made resilient to model mismaiaihg design of a Model
Tracking Control (MTC).

e The core architecture has increased availability agairistret disconnections with
long duration. While this capability is limited with a maxirmm delay value, when
the Internet connection is re- established after a longodisection, the system can
start working without any initialization procedure. Thssan important advantage

for real-life practical applications of teleoperation.

Another novel contribution is the desigjn of the Control r&g Correction Scheme

(CSCS) add-on. This add-on can be easily glued to the congtecture, and supplies
5



robustness against the case of exceeding the maximum defegraint. Another
contribution is achieved through the design of the compoasadd-on. This add-on
can be easily glued to the core architecture again to recueeffect of sampling
frequency because of throughput limits. This allows theabdjy for higher sample
rates at both master and slave side. One other contributidhe design of the
Predictive Input Delay Compensator (PIDC) add-on. Thisadgredicts the operator
motion trajectory by using operator trajectory measurdseg using Grey Theory.
Another novel contribution is the design of the pre-contmtironment estimation
scheme. This add-on provides a force feedback without thd fag high bandwidth.
The approach is based on measuring the contact point posiith respect to origin
before the contact occurs. As a result, the upcoming foroseses provided to the
operator before the actual contact occurs in slave sidegweiminating the effects of

network delay.

1.4 Thesis Outline

This thesis is organized as follows. Chapter 2 introducespifoposed networked
control system core solution with experimental results. atér 3 focuses on the
control signal path problem, and proposes a solution thahaxe named Control
Signal Correction Scheme (CSCS). The benefits are demtathtvath the use of
simulated extreme network conditions. Chapter 4 shows hewtoposed architecture
can be applied on a multi-DOF system by experimenting cohatisa and control
signal conservation add-on . An intercontinental expenimes conducted to this aim
using two multi-DOF industrial manipulators. Chapter 5uses on the throughput
problem, and proposes a DWT based novel compression sclamdalemonstrates
its performance by experiments. Chapter 6 focuses on sgnidation, and for that
purpose, proposes a Predictive Input Delay CompensatDQPIChapter 7 discusses
the design of the pre-contact force feedback estimatioeraehwith experimental
results. Finally, the thesis contributions are recappeti@mclusions are presented

in Chapter 8.



2. NETWORKED CONTROL CORE SOLUTION

This chapter builds on the disturbance observer appro&;h ] taken for the solution
of network delays in bilateral control, and aims to addrgs=scgically the variable

delay, variable load, and model mismatch problems of [1D, 11

The main contribution of this chapter is developing and pecally implementing
two novel master-slave system configurations that yield gaicantly improved
performance in position control. Each configuration cdassaf a delay regulator
integrated with disturbance rejection schemes on bothenasid slave sides. More
specifically, the following two configurations are develd@and tested under variable
network delay, and the model mismatch problems of bilateositrol systems: 1)
Sliding mode observer (SMO) to compensate for measureneday @n the master
side, and a Model Tracking Controller (MTC)on the slave smeeduce the effects
of load uncertainties and model mismatch between masteiskve. 2) Astrom’s
Smith-Predictor (ASP) to compensate for the effects of ndtvdelay on the master
side and MTC against slave side uncertainties. Both cordtguns use the same delay
regulator approach [25], which contributes significantiythe disturbance rejection

performances of the SMO and ASP, as will be demonstratedexjiierimental results.

The proposed observer-regulator-controller configunagtiare tested for step type
and bidirectional type load and reference trajectoriessumdndom network delays.
Throughout the experiments, the emulated random delayrisdvaetween 100-400
milliseconds, based on the network delay measured in [1]r, afonetworking
implementation between country-region France and plaocatepregion USA using

UDP/IP internet protocol.

The organization of the chapter is as follows. Section 2tfbduces general system
configuration. Section 2.2, 2.3 and 2.4 discusses the fumaitiblocks used in

proposed topologies, delay regulator, estimation schemdsnodel tracking control



consequently. Section 2.5 shows their experimental iesultith conclusions and

future directions in Section 2.6.

2.1 System Configuration

The general configuration of the master-slave system cereidn this study is given
in Fig. 7.2. In this master-slave configuration, the humaerafor forces the master
manipulator, which is in compliance mode, and generatetesermce trajectory on the
master side. This reference trajectory, together with taedtory data coming from
the slave side through Internet is considered by the mastdratler in the generation
of the control signal is generated to be sent to the slave s@e the slave side,
the control signal coming from the master side through heeand the actual slave
trajectory data is processed by the slave controller andabcontrol signal that is
generated. The information sent from the master side toléve side is a message
package containing the tapped control input signal (theregice current value) and
a sequence ID. On slave side, more specifically, on the redeside of the slave
regulator, this information is processed to get the actualenit input signal to be
applied as reference to the slave side. As a result of thisessy the input current
signal is now compensated for data losses and the delay usated to a constant

value.

MASTER SLAVE

MANIPULATOR

MANIPULATOR
HUMAN
OPERATOR Reference Control

Toraue I—l . DELAY
q Position | MASTER Signal | REGULATOR

CONTROLLER SEND

i i DELAY Measured

Figure 2.1: Configuration of the bilateral control system with comnuation delays
both in control and feedback paths.
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The equation of motion for a direct-drive single link arm kvlbad can be given as

follows:

6(t) = w(t) (2.1)
w(t) = %u(t)—?w(t) —% (2.2)



whereK; is torque constantN — m/A), J is system inertiakg — n?), B is viscous

friction (N —ms/rad), u= iq is control current4), T is the gravitational load.
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Figure 2.2: Delay Regulator Sample Signal Flow Diagram.

2.2 Design of Delay Regulator

For bilateral control systems using the internet as the comecation medium, it

is necessary to consider the delay characteristics of rdiffelnternet Protocols.
Currently, the more commonly used IPs (Internet Protocel® the Transport
Control Protocol (TCP/IP) and the User Datagram Protoc®®) TCP provides a
point-to-point channel for applications that require able communication. It is a
higher-level protocol that manages to robustly string tbge data packets, sorting
them and retransmitting them as necessary to reliablyn&tna data. Further, TCP/IP
Is confirmation based, i.e. it transmits data and waits foffiomation from the other

side. If not fulfilled, it retransmits the data. With TCP/tRere is no data loss.

The UDP protocol does not guarantee communication betwaenapplications
on the network. While TCP/IP is connection based, UDP is gusimple serial
communication channel. Much like sending a letter througti,rand unlike TCP/IP,
UDP does not confirm arrival, hence eliminating data regmaigsion. On the other
hand, while its faster transmission rate may make UDP moegemble for most
real-time control applications, some delay regulation snea is also necessary to

minimize the data loss.

The delay regulator works based on the following princif&ch transmitted UDP
packet consist of the current plus 31 previous data samipl@sidition to a sequence
ID. Once transmitted to the slave side, this packet is stotech memory cell identified

by the packet’s sequence ID. The number of stored packetheoreteiving end is
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limited with the buffer sizeN. During the very first send-receive process, stored
packets are not fed to the related control process (to mastéeedback or to slave
for control) until a selectetl < N threshold is reached. Thig'T value determines the
selected regulation period, which when exceeded,the fittst, k) is fed to related
control process, and this memory cell is labellechald (), In the next sample time
Xx+1 Will be fed to the control process until we face a data losshich case. » will

be null. In this case the algorithm checks the next memotyacel then, the next one
until a non-corrupted_ » value is founded in the memory cells below. [25, 26] The

figure of a sample signal flow is seen in Fig. 7.5

2.3 Design Of Control And Estimation Schemes For The MasteBlave System

Two control approaches are developed for the master side,based on Smith
Predictor principles, and one using Sliding Mode concefitdiscussion of both will

be provided in this section.

2.3.1 Astrom’s Smith Predictor (ASP) on master side

The Smith Predictor (SP) concept [17] is based on the dedign aontroller that
can predict how the effects of system changes will affect dbietrolled variable
(system output) in the future. The standard SP configuratitiich requires the time
delay to be constant(or, known) has the shortcoming of paiurtbance rejection.
Watanabe’ Smith predictor(WSP) [27] and the Astrom’s Smitbdictor (ASP) [18],
given in Fig. 2.3, have been proposed to overcome this pmabighile both ASP and
WSP are two degree of freedom Modified Smith Predictors, Mer@refer Astrom’s
Smith Predictor. Because, contrary to Watanabe’s Smitti€a, effect of auxiliary

controller doesn’t degrade main controller performant8] [

Astrom’s Smith Predictor(ASP) decouples the disturbarspaonse from the reference
response, allowing the two to be independently optimizadtHérmore, its structure
provides the designer with more freedom to choose the garighction, Masp(S).
Considering the developed delay regulator, and the slaeedisturbance rejection
scheme (to be discussed in the next section), an ASP basddrmastrol appears
to be well-suited for the targeted performance standardbigstudy. Within this

configuration, the human operator generates the mastectioay, which then leads
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Figure 2.3: Astrom’s Smith Predictor.

to the generation of the control input current to be tranwdito the slave side as
explained in Section 2. At the slave side, the delayed cbsignal coming from the
master side (through the Internet) and the actual slaveb&kddata are processed
by the slave controller and the actual control signal is gaed and applied to the
slave. The ASP is expected to compensate for disturbanoss@dy communication
discrepancies between master and slave, when the bufieissekceeded. Fig. 2.3

presents the designed ASP within the proposed master-slave

For the determination of the transfer functiorMasp(s) of the ASP, the
reference-to-output and disturbance-to-output trarfsiiections should first be taken
into consideration for the system. With the given structure with the assumption that
the delay is constanL, the reference-to-output transfer function will be indegent
of Magp(8). [28, 29]

Byvmal (S)  Casp(S)Prodel (S)€™
Orefmst(S) 1+ Casp(S)Pmodel (S)
1+ Masp(S) Prodel ()€™
14 Masp(S)Pmodel (S)€7S-

(2.3)

Bsvma (S) _ Casp(S)Pmodel (S)€*
6refmst(s) 1+Casp(s) I::'model (S)

(2.4)

HereCasp is the main controller whose parameters are designed byimgnoetwork

delay. In this work we choos€,sp as aPID controller whose parameters dggasp,
Kicasp, andkpcasp
On the other hand, the disturbance response is as follows:
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Bsvimdi (S) Prodel (s)e

Ontw(S) T 1+ Masp(S) Prodel ()€ (2.5)
Where,
Prodel (S) = ﬁ 2.6)

Also Kin, Jn, By are the rated parameter valuesfJ andB respectively.

To suppress the disturbandgy should trackdny in Fig. 2.3. The transfer function

from dnty tO cfntw is

Ontw(S) 1+ Masp(S)Pmodel ()€ .
Then
Masp(S) = kpmasp + SKpmasp (2.8)
Here loop transfer function is
Gi (S) = Masp(S)Pnodel (S)€ (2.9)
Gi(s) = (Kpmasp + SKpmasp) (L) e s (2.10)
S(Jns+ Bn)
if we rearrange the equations
Kpmasp + SKDmasp ( Kin ) g
Gi(s) = e 2.11
1(9) = (T ) (5 T (2.11)
and define
Msp(S) = KpMasp + S:DM""SF’(S) (2.12)
Kin
as|
=Kpwasp + Tp (2.13)
and
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Figure 2.4: Nyquist Diagram of Loop Function.

Ktn _g|
/ =_ - g 2.14
model (S) (JnS Bn) ( )

wherek]yasp = KpMasp andkpyasp = Komasp
Due to this PD-PI relation above, it is possible to design a&miroller for the position
control problem in consideration, using the guidelineshef PI design in [30] given

based on the system’s sensitivity requirements dictatéd jgnd derived for a velocity

control system, different from our position control system

1 1.508\ J
mm$:[<u5L-Ns)ﬁi (2.15)

1 1.508\ B
me:E<l%L_NS)Ri (2.16)

Here,Ns is determined by the desired sensitivity specification argkfined as

(2.17)

1 1
Ns= max — - :
S O§w<wL’1+Pmodel(Jw)M<Jw)’

Ns can also be defined as the inverse of the shortest distanbe open loop transfer
function from the Nyquist curve as seen in Fig. 2.4. The majbrantages ofs is

that, by selecting\s, performance factors

N
%>N51 (2.18)
—
1
Pm > 2arcsm2W (2.19)
S
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can be constructed. Her&;, denotes gain margin arfddenotes phase margin.
Reasonable values of tiNg are in the range of.B to 2.

Alternatively, Ziegler-Nichols [31] and Astrom-Hagglurf@2] methods can also be

used for the design of tHdasp(s) controller.

2.3.2 Sliding Mode Observer (SMO) on master side

The developed Sliding Mode Observer (SMO) aims to estimlage dctual slave
position and velocity in the face of the network delay endetad in the feedback loop.
This delay is now constant with the use of the delay regulatbich is demonstrated
to significantly improve the performance of the SMO compacepast studies of the
authors, together with the use of the proposed model foligwontroller. The observer
(on the master side) takes into account the following slawdet) the outputs of which
are fed to the master as slave feedback with the assump#btithactual slave system

will track the model closely with the designed MTC.:

(k)
—_— 0,(k)=w,(k)T+0,(k—1)
K”] BVI
o, (k)= J—”u‘,‘.(k)+J—”we(k)+u“(k) T+o,(k-1)
u“(k) O(k):C.\muem(k)"'em(k)
u,(K) = (h—1)+ (1+me)U;k)—0(k— 1)

Figure 2.5: Diagram of Sliding Mode Observer.

The model of the slave plant:

Bty (1) = Wyvmat (1) (2.20)
Wyl (1) = E_:]uslv(t)_i_:wslvmdl (t) (2.21)

The master side observer designed for the slave has theviodorm:

Be(t) = as(t) (2.22)



Kin

we(t) = J—nuslv<t) - ?—:%(t) + Uo(t) (2.23)

X=[68e we]" are observer states, is control input of the observer (to be determined

based on SM theory).

Slave states measured on the master side which is the outputelay

regulatorfyyregout » Whlyregout

edlyregout(kT) = Bgvmdl (kT - L) (2.24)

wdlyregout(kT) = Wyvmal (KT —L) (2.25)

where,L is the regulated delay.

The control input applied to the slave also deviates fronatttaal control input by the

same delay as

Ugv(KT) = Umg (KT —L) (2.26)

Next, for the design of the observer, the sliding manifoldakected as

0 (t) = Camo€smo(t) + ésmo(t) (2.27)

where,esmo(t) andeso(t) are as follows:

€smo(t) = Bdlyregout (t) — Be(t — L) (2.28)

&smo(t) = Whlyregout (t) — we(t — L) (2.29)

With a properly selected Lyapunov candidate, a control balldesigned for the SM
based observer that will force the observed stafigkT — L) and we(KT — L)to the
measureMyiyregout » Whiyregout, AS given in (2.24) and (2.25), this actually indicates
that the actual slave state values (before the delay) haae t@ached for use in the

master controller.

15



The Lyapunov candidate and its derivative are selected ke to satisfy the

following conditions:

V(t) = o?(t) (2.30)
V(t)=o(t)a(t) = —dgmo 0?(t) (2.31)

where
O (t) = Cemolamo(t) + Chilyregout (t) — et — L) (2.32)

(2.31) and (2.32) are used to derive the SM control law asvid|[10]:

(t) = — deno O (t) (2.33)

By substituting (2.20),(2.21), (2.22), (2.23), and (2.Ritd (2.32),

0(t) = Camo€smo(t) + d)dlyregout (1)

Pt - 1)+ et -1~ to(t) (239
Next, we define,
Uoft)]gq = GsroBsmolt) + Ghiregou 1)
N ?_:‘*’e“ - *j_‘n“um(t ~L) (2.35)
which converts (2.34) into,
(1) = [Uo(0)] g — Uolt) 236)

If Ug(t) = [Uo(t)]eq, theno =0, and per (2.33)g = 0.

To calculate the observer control, we discretizeander the assumption of a very high

sampling rate, hence, (2.36) becomes
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KT) — o(KT —T)

Uo(KT —T) = [Uo(KT — T)Jeq = ¢ 2 (2.37)
and also
Uo(KT) — [Uo(KT)]eq = —dsmo0 (KT) (2.38)
Assuming[uo(k)]eq does not change between two sampling periods,
[Uo(KT)]eq = [Uo(KT —T)]eq (2.39)
By rearranging (2.38) and subtracting from (2.37) we get
Uo(K) = Ug(k—1) + | LT dsmo O (k) = o (k= 1) (2.40)

T

The control in (2.40) will enforce the sliding mode to theesééd manifold. With the

application of this control, and with the consideration of

[Uo(t)]eq = Camobsmo(t) + Ghilyregout (1)
+ ?—:we(t —L)— S—:]um(t —L) (2.41)

the observer system in (2.22) and (2.23) can be re-written as

Be(t — L) = an(t — L) (2.42)

ot —L) = — Mgt —L) 4+ Syt 1)

Jn Jn
+ Csmo€smo(t) + C;l)dlyregout (t)
B K
+ 2wt —L) — Pupg(t—L) (2.43)
dn dn

Which yields

[ @yregout (1) — Goe(t — L) | +Csmo€smo(t) = 0 (2.44)

- s
v~

Esmo(t)
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+ umtc I eslvact _

Figure 2.6: Architecture of Model Tracking Control at Slave side.

Inspecting (2.33), it can be said that whe(t) — 0 a(t) — 0 . This indicates that
Esmo(t) — 0, Camo€smo(t) — 0; that is,

We(t —L) = Whiyregout (t) = Wymai (t —L) (2.45)

ee(t - L) = edlyregout (t) = Bgvml (t - L) (2.46)

Block diagram of described Sliding Mode Observer is seerignre 5.

2.4 Design of Model Tracking Control Scheme on Slave Side

In this section, the design of the proposed Model Trackingt@MTC) is discussed.
The MTC based slave control system forces the actual slastersyto track a desired
slave model, hence achieving disturbance rejection indhe bf parameter and load
uncertainties. This model tracking scheme is representeédyi 2.6. [33, 34] It should
be noted that the slave feedback used on the master side @itpet of the slave
“‘model”, not the output of the actual slave. integrated miastave system is the
output of the model system. The use of the this model on bostenand slave sides
is an approach taken in this study that significantly impsoneaster-slave tracking
performance. With this approach, the master and slavealters can also be designed

separately.

To derive the model tracking controll€®yic(S), the mathematical model of the actual

plant,Pyy(s) in Eqt.2 is taken into consideration in the following form:
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K T B }
jt (Ugy + Uaux) — TL - jwslvact = W4 vact (2.47)

Where;

T.  :load torqugNm|

J  total moment of inertigkgn?]
B ) total viscous friction coefficient
[INms/rd|

Wyvact - @ngular velocityrd/s|

Ki  :torque constariNm/A]

Ugy . control input to track the known part of
the slave model

Uaux . control input to compensate for slave
model uncertainties

The model below represents the known portion of the slaveatod

K B :
—C gy — = Wyl = Qv (2.48)
N N

Where all values reflect the known slave model parametersanmables, as below:

Jv : moment of inertia of slave modggnv]

Bn . viscous friction coefficient of slave
model[Nms/rd]

wyvmdl: angular velocityrd/s|

Kin :torque constaniNm/A]

With the aim of deriving the appropriate tracking contrgll€yc , first the error

between the actual plant and model plant outputs shouldfoeedeas:

emtc = Byvact — Bsvmdl (2.49)
-entc = Wy vact — Wyvmdl (2-50)
érrtc - d)slvact - C;l)slvmdl (2-51)

Using (2.47) and (2.48), the second derivative of the eralefined as,
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—K; B K
= —tnuslv"‘ _nwslvmdl + h (Ugy + Uaux)
n

Smte = —3- 3 J

T B
- TL - jwslvact (2.52)

Defining the error between actual and model parameter valitleshe symbol A as:

k ko, (k) B By , (B
H—J—nM(F) H—JJA(J) (2:53)

(2.52) can be re-organized as below:

) K K
Emtc = % (—Ugy~+ Ugy + Uaux) + A (jt) (Ugy + Uaux)
n
Bn. B T
— J—:entc— A (j) W vact — 3 (2.54)
and

.. Bn- Ktn TL

_- = _—u _ =
€mc+ n €mic o aux — 7

0 () @t g -85 ) e (259)

Next, the load and parameter uncertainties are defindgqas

1 AT K B
—Onic = L Al (Ugy+ Uaux) + A | = | Wyvact (2.56)
Jh J J J

Here disturbance upper bound can also be defined as

il = %—Jn [A (?)]max[umdmax

#38(3)]_ lemalren @57

(2.56) when substituted in (2.55) will yield the followinger dynamics:

. B,. 1
Emic + Te= = (KtnUaux — Onmtc) (2.58)
Jn Jn
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Inspecting (2.58), it could be observed that when

d . )
“MC  arte — Owhil eenge — congtant

Uaux —
Kin

Forenic — 0. the following error dynamics should be derived:

. Bn.
ethc+J—nethc+kntcethc =0
n

This condition requires the following term:

1
3 (KtnUaux — dirtc) = —Kmtcmic

n

which results in the following relationships:

Aimte = KenUaux + KmecIn€nmee

Ortc — KnmtednBmic
Ktn

Uaux =

Defining a new variablez as:

z 2 Onic — kmtedne — d = 2+ KnieIn€mic

Assumingdnmc to have a very slow variation,

Z= —KntcInbme Z= —KmtcIn€mec

Re-writing (2.58) in terms of:

.  Bn.
Z+ J—n2+ KntcZ = KmtcOmic
n

Hence

.  Bn.
74+ J—nZ-l- KmicZ = Kmic (KmteIn€mic + KinUaux)
n

21
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To deriveCnic(S), zin (2.67) is expressed in s-domain:

ki

2(9) = — e
P+ 25+ Knte

(KmtcIn€mic + KinUaux) (2.68)

which is substituted il expression, yielding,

ki

ERL T
In c

dn’tc -

+ KntcIn€mee  (2.69)

Replacingdnic with its definition in (2.62),

ki

m (KmteIn€mtc + KenUaux)
T c

KtnUaux =

+ Kmtedn€mee — KteIn€mie  (2.70)

Expressing (2.70) in terms of aux, the expression for theking control,Cqyc(S) can

be derived as follows:

(Sz + %S—f‘ kntc) KinUaux = KmtcKenUaux
+ Kntcdn (Kmtcme) (2.71)

Inkfec

2+ s
n

emc(S) (2.72)

Uaux =

Cn’tc(s)
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Here, the controlleCqic(S), is configured as a compensator and its output is added on
to the PD control generated, which is the constant time @elagrsion of the control

signal generated on the master side.

2.5 Experimental Results With Proposed Methods For The Two Mster-Slave

Configurations

In this section, experimental results will be provided with proposed schemes, which
are presented as two configurations. The controller pasEmeairecsn, = 0.0001,
dsmo = 0.001, kpcasp = kpcsmo = 0.92, kicasp = Kicsmo = 0.1, kpcasp = kocsmo = 2,
kpmasp = -03, Kpmasp = -12, andkyie = 200. Also Fig. 2.7 presents the master-slave
configuration based on the modified SP and MTC, abbreviat&®Pad TC for brevity,
and Fig. 2.8 presents the master-slave configuration baséteanodified SMO and
MTC. In both configurations, the developed model trackingtiomler (MTC) forces
the slave to track the desired model, hence avoiding ingialsisues and increasing
tracking accuracy despite parameter uncertainties andridégces on the slave side.
As demonstrated in Fig.2, the control input (a current digfa the slave side is
generated by the master side controller, which takes intsideration the reference
trajectory and the slave feedback recived from the modelis T an important
contribution of this study, as in the previous studies of #uthors [11] , it was
demonstrated that the use of the actual slave plant feedizades steady state error

and drift in the slave performance.

Figure 2.9: Varying Delay Scheme used in Simulations.

The experimental results are obtained under random netdelkys both in the
feedback and control loops. The schematic of simulated arétwtelay is seen in
2.9. HereTs denotes sampling time, arghg (t) is positive white noise signal whose

upper limit is Lyax and lower limit isLpyin. The paper [35] mention that delay is
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irrelevant. Therefore, by using modeling methods, it issponsible to estimate the
value of network time-delay. For the proper operation of$iMO and ASP schemes,
a delay regulator is designed on both master and the slaes sidregulate these
random delays to a constant delay value of 400ms. This vahs obtained from

the intercontinental network experiments presented if. [26 further challenge the

slave plant, the load disturbance on the slave and the referteajectories are applied
as sinusoidal functions and bi-directional trajectorrespectively, which sometimes

gives rise to short spikes.

A direct-drive motor driven single-link arm is used in thgpeximents, the parameters
of which are listed in Table 2.1. The delay is generated asxdora signal varying

between 100-400 milliseconds.

Table 2.1: HIL Experiment Parameters.

Parameter Name Parameter Value Description

Vin 60V Motor nominal voltage

ign 5A Motor nominal current

Rq 0.6Q Motor phase windings resistance
Lq 0.005H Motor phase windings inductance
Kp 2.3Vsec/rad Back e.m.f constant

Ten 10Nm Motor nominal torque

Kyi 1A/V Motor driver gain

h 4rrad/sec Motor nominal speed

Tem 15Nm Motor maximum torque

Ki 2Nm/A Torque constant

J 0.01%g — n? Effective Inertia

B 0.20Mms/rad  Effective Viscous friction

T 10sin©Nm Load torque

Lmin 100ms Minimum delay time

L max 350ms Maximum delay time

Fig. 2.10 and Fig. 2.11 represent the performance of the ASP SMO based
configurations, respectively, under no load on the slavee figures demonstrate the
delay effect in all cases. Inspecting the zoomed versiottssodiagrams, one may note

a slightly smoother performance of ASP based configuration.

Fig. 2.12 and Fig. 2.13 represent the performance of the A8® 3MO
based configurations, respectively, under a sinusoida ieaiation on the slave

side. The figures demonstrate the delay effect in all caseshileWa slightly
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Reference tracking performance of slave with the ASP based

configuration a) under no load (delay effect displayed), ®yrzed
version of performance.

smoother performance is noted with ASP again, both configura display similar

performances in terms of tracking error.

2.6 Conclusions and Future Directions

This study builds on the disturbance observer based appindwslateral control and

contributes to significant improvements in both control a@ednmunication issues
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Figure 2.11: Reference tracking performance of slave with the SMO based
configuration a) under no load (delay effect displayed), ®yraed
version of performance.

faced with position control aspects of bilateral contradteyns. To this aim, two novel
master-slave configurations are proposed, one based odirggsthode observer and
model-tracking controller , and the other based on Astrddmsth Predictor on the
master side. Both configurations benefit from a delay reguylathich regulates the
random network delay into a constant delay. Both configonatialso use a MTC

designed for the slave side disturbance rejection ancctaajetracking.
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Figure 2.12: Reference tracking performance of slave with the ASP based
configuration a) under sinusoidal disturbance (delay effiesplayed),
b) zoomed version of performance.

Experiments are conducted on a single-link arm system uvalgéble gravitational
effects and a randomly varied network delay of 100-400 ms ithpacts both the
feedback and control loop. While the ASP is a more capableiseiof the standard
SP against disturbances stemming from network and slavertanties, the much
reduced system uncertainties via the proposed combinatitire delay regulator and

MTC contribute significantly to the overall performance.
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Figure 2.13:
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Reference tracking performance of slave with the SMO based
configuration a) under sinusoidal load (delay effect digpdg, b)

zoomed version of perfor

mance.

The delay regulator and MTC have also benefited the SMO bagefigaration

significantly, which has been shown to demonstrate a poakitrg performance

under variable network and slave disturbances in the asitpogvious studies, while

achieving perfect tracking under no load and constant nétwelay. Hence, both

configurations demonstrate a significantly improved tnagkperformance against

model-mismatch and randomly varying network delay (with@0-400ms) and can

handle feedback loop deteriorations arising from the kahibuffer size of the delay

30



regulator. However, currently neither of the configurasiean handle network delays
exceeding 400ms in the control loop. This issue requirdbdunrattention and will be

addressed in the following chapter.
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3. IMPROVEMENTS IN FORWARD PATH

This chapter aims to focus on the control (forward) loop itwweked motion control
and teleoperation systems by performing a detailed arsabfsnetwork delay effects
on the forward path (control path) and also proposes a nawaral approach to
improve the performance in the control path by compensdtintP quality problems
as well as slave side uncertainties resulting from netwetkys. In the process, we
also make use of existing approaches in the literature, asdhe above mentioned
delay regulator, which has originally been proposed toess|yeed control problems
under network delay [25]; however, its use for networkeditpws control is a novel
approach of this study, and has required additional contiedsures to eliminate the
plant uncertainties and nonlinearities [34]. The perfaroeaof the modified delay
regulator developed in this study is still limited with thefter size, hence, requires
further actions to be taken. This study addresses all tisse$ and introduces a novel
approach to handle the negative outcomes of delay on theotsignal by ensuring the
conservation of energy (CSCS) between the original cosigral (transmitted from
the master side) and the control signal input to the slave.pFrbposed scheme builds
upon the assumption that the actual plant will closely tradatesired linear system
model eg. via Model Reference Adaptice Control (MRAC) or Mbtiracking Control
(MTC) as demonstrated in [34, 36].

In this chapter, because our focus is on the forward patly, thvel control path of the
integrated master-slave system presented in [34, 36] wilialken into consideration
as separate path from the whole system. We propose the temral energy

conservation (CSCS) scheme for this path, and after amgyand comparing the
CSCS and delay regulation schemes separately, we also deaterthe performance

of the combined CSCS plus the delay regulator system.

The organization of the chapter is as follows: First, the teraslave system’s
performance will be analyzed under network delay with ncagalegulation and

no CSCS schemes; next, the performance of delay regulatitbrbev tested for
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the case when the buffer limit is not exceeded and then, feretkceeded case.
This will be followed by the discussion of the case with theplementation of
CSCS alone. Finally, the combined system’s (CSCS plus delgiyiator combined)
control path performance will be analyzed for the worst gase under random
network delay and with buffer size exceeded. Section 3.trde=ss the constraints
of the Network Protocols, and reasons for the preference@®P br teleoperation
applications. Section 3.2, and 3.3 describe the delay asgubnd proposed CSCS
schemes, respectively. Section 3.4 analyzes and disctlssgserformance of the
delay regulator and the CSCS sheme individually, and thencasnbined scheme for
different scenarios; i.e. under random network delay aritd aind without the buffer
size exceeded with simulation results, which allows usgbttee system under extreme
conditions. Section 3.5 gives Network-in the-Loop (NILnsilation results of the
proposed structure under real network conditions. Finailection 3.6, concluding

remarks are provided.

3.1 Network Protocol Constraints

Considering the internet will be used as the communicati@diom for bilateral
control, it is necessary to discuss the delay characteristi different Internet
Protocols. Currently , the most commonly used IP(Intermetd®ols) are the Transport
Control Protocol (TCP/IP) and the User Datagram Protoc@R) TCP provides a
point-to-point channel for applications that require able communication. It is a
higher-level protocol that manages to robustly string thgedata pockets, sorting
them and retransmitting them as necessary to reliablyn&tné data. Further, TCP/IP
is confirmation based, meaning it transmits data and waitsdofirmation from the
other side. If not, it retransmits. With TCP/IP there is ntadass. The illustration of
this concept is shown in Table 3.1, with the following scémafssume that a message
is sent at 400ms. The acknowledgement of the master’s firssage is received at
410ms. At this time, it can send its second message. This phenomeshees the
packet throughput. A different phenomena can be consideréte transmission of
the second message with sequencéad,. Assume that it is first sent at 428, but
no acknowledgement is received because the sent messddaobhe received from

the slave side. Then, the system goes into timeout and reseagackage at 1006.
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Table 3.1: TCP Communication Sequence.

Time(ms) Master Slave Timaxs)
0000 Seq; +Datay —  Seqp+Data; 0200
0410 ACk]_ < ACkl 0210

. (0420 Seqp +Datay, — Seg-Pata; —

>

(o) .

()] .

E1000 Seqp+Data;, — Seqp+Data, 1200
1410 Acko +— Acko 1210
1420 Seqs+Datag — Segz+Data, 1620

3| - Aelg —  Acks 1630

El -

= 12000 Sz +Datas — Segs+Data, 2010
2220 Acks +— Acks 2020

Yet, in another case, a third transmitted package is reddioen the slave side and the
acknowledgement is sent, but in this case, the acknowledgeisilost and could not
be received from the master side. Then, the master side gmesmeout and resends

the message again at 0006%)

In the above mentioned table, time intervals are simplycsetefor illustration of

concepts. The real time experiment result for a cross Adardtworking experiment
between Georgia Tech, Atlanta, and Metz France demonstieeerformance given
in Fig. 3.1. The figure on top depicts the round trip latencyl &he bottom figure
shows a sine wave sampled at 10 milliseconds, and sent bacioeh by TCP/IP.

The experiment was carried out on a typical workday during afternoon. It is

easily seen that the delay varies substantially, rangioig ft00 milliseconds to 3000
milliseconds. In the bottom figure, although no informattost in the TCP/IP based
communication, it can be noted from the figure that data sednal different points in
time gets lumped together along the way and arrives simetiasly at the destination,
resulting in a deformed sine wave. These issues make TCBA&dcommunication

unfavorable for real-time control. [37]

The UDP protocol, on the other hand, does not guarantee comation between two
applications on the network. While TCP/IP is connectiongla®)DP emulates just a
simple serial communication channel. Much like sendingti@iehrough mail, UDP

does not confirm arrival. The sequence is illustrated witkexample communication
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Figure 3.1: Top: Cross Atlantic round trip time delay between Georgall, Atlanta
and Metz, France using TCP [1]

scenario in Table 3.2. Here, let's assume that the messagé&aem the master side
at Oms arrives at the slave side at 280 with 200ms delay. The next message sent
at 20mnsis lost. Then, while the message sent amnS@rrives at 2501s, the message
send at 5frsis received before the 30ms message, maybe due to diffenatetrs etc.
In summary, UDP has two major properties; a) the protocobdus try to recover
lost or corrupted packages, b) reception of messages ddesllowv the order of
transmissions. Fig. 3.2 top demonstrates the performdribe above mentioned cross
Atlantic communication experiment, this time for UDP/IR€Ifigure above depicts the
cross Atlantic roundtrip latency between Georgia Techadith, and Metz France, and
the figure below shows a sine wave sampled at 10 millisecoadsltsame way, both
sent by UDP/IP. The experiment was carried out on a typicakvday during mid
afternoon. Itis easily seen that the delay varies substéntianging 100 milliseconds
to 250 milliseconds. It can be noted that the shape of the wae is maintained
with much accuracy with UDP/IP than with TCP/IP. It can alsrwnted that a few

datagrams have arrived simultaneously and some 12 to 1@mies€ information is

36



Table 3.2: UDP Communication Sequence.

Time(ms) Master Slave  Time(s)
0 Datay, — Data; 200
20 Data, — Dsatag
30 Datag — Dataz 250
50 Datay, — Datay 230

lost along the way. Considering the overall performance,rédasons for UDP being

the preferred protocol for real-time control becomes app&r].

300

250

Streamed value

2 2.5

Time(s)

Figure 3.2: Top: Cross Atlantic round trip time delay between Georgall, Atlanta
and Metz, France using UDP [1]

3.2 Delay Regulator

In the previous section, it was discussed that, while a fasi@smission rate makes

UDP more preferable for most real-time control applicasiosome delay regulation

measure is also necessary to minimize the data loss.

The delay regulator is one such approach proposed in thatlire [25, 34]. The delay

regulator in [34] works based on the following principle, ialinis also illustrated in

the diagram. Data is transmitted from master to slave arelwgcsa in packages. Each
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Figure 3.3: Delay Regulator Sample Signal Flow Diagram.

transmitted UDP package consists of the 31 previous dataleanm addition to the
current sample, plus a sequence ID. Once transmitted toldkie side, this packet
is stored into a memory cell identified by the packet’s seqad®. The number of
stored packets on the receiving end is limited with the budiee, N. During the
send-receive process, stored packets are not fed to thedelantrol process (to master
for feedback or to slave for control) until a selectee: N threshold is reached. This
L value determines the selected regulation period, whichmvelxeeeded,the first data,
x(K) is fed to related control process, and this memory cell isledhasl | (@), In the
next sample timey., 1 will be fed to the control process until we face a data losg, sa
for the next sample, in which casg, » will be null. In this case, the algorithm checks
the next memory cell and then the next, until a non-corrupied value is found in
the memory cells below. [25, 26] The delay regulator operais illustrated with the

signal flow diagram given in Fig. 7.5.

3.3 Development of Control Signal Entropy Conservation (CES) Scheme

As has been discussed in detail in the previous chapter alhd&idemonstrated
with new test results in this chapter, the performance ofilay regulator is limited
with the buffer size, N, which, when exceeded, results ifgoerance deterioration
on the slave side. The negative effects caused by this tiontan the feedback
(measurement) loop is partially compensated by the Smigdi&tor, or the Sliding
Mode Observer, used in conjunction with the delay regulddmwever, currently, no
measures are offered against delay effects in the contpl(lar, forward path). In this
section, the proposed novel CSCS scheme will be presertexdadirief discussion of

its derivation based on the principles of linear, time-nmat systems. Note that in our
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previously proposed master-slave configuration given n Bi5 (Here the feedback
path through network is deleted for simplifying the congetite slave manipulator,
P(s), is forced to track a 1st order linear systel(s), via the design of a model
tracking controllerCy(s). Moreover,Cy(s) is the controller which generaté(s)’s

input signal at master side.

Hence, taking the slave manipulator as an LTI system driyearbelectric motor, the

position-current input relationship gets the followingnifiar form:

Kt

6= isrg)® (3.1)

where w represents the angular velocity, represents angular displacemekt,
represents torque constam,represents viscous damping coefficiedtrepresents

inertia and finallyi(s) represents armature current.

Discretizing the armature current,

(o]

i =Y ikdn—K (3.2)
k=0

and with

B[n] = i[n] *h[n| (3.3)

h(t) : system’s impulse response in continuous-time systamkin discrete-time.

Finally, the system outpu@[n] can be written as follows, by taking the control input

signal as a sum of scaled and time-shifted Kronecker dettetions:

Ol = S hin—K 3.4
[n] k; [n— K] ik (3.4)
h[n] = K(1—e3KT) (3.5)
wherea = B/J andK = K;/B
O = § K(1—e KTy, 3.6
[n] k; (1-e )ik (3.6)



lim 6[n] = lim § K(1—e 2Ty (3.7)

n—o0 n—00

k=0
; _ . _ aa(n=K)Ty;
#ﬂﬂd—bggmﬂ e )ik) (3.8)
6 £ lim 6[n] =y Kik (3.9)

k=0
Here, it should be noted that each control input contribtivethe output value at
infinity, B, in proportion to its amplitude. This indicates that possipérmutations

in the control input sequence will not change the value obilput at the infinity.

On the other side other packet loss changes the output pentiyaf,, as seen in (3.9).

This cause steady state error in closed loop system. [38]

i() | 7, [ilt) i(1)

it
pl d

N
|
—_

Figure 3.4: Teleoperation Control Signal Correction Scheme.

The developed novel CSCS scheme is inspired by the LTI ptiegeiorced on the
slave plant and aims for the slave output to track the mastgrub accurately under
network delay. The approach is based on the conservatidreddftect created by the
control input created on the master side, as closely aslgessi the slave side at the
infinity, to gurantee the accurate tracking between the enastd slave outputs despite
network delay and packet losses. To this aim, as a new agpra&cpropose to send
a "cumulative" stimulation signal (control input) from theaster to the slave, instead

of the common control signal.

The proposed algorithm consists of a discrete time integrdor generating the
cumulative stimulation) at the master side, and a discrete differentiator (to

generate the decoded stimulation) on the slave side, astddgn Fig. 3.4. As a
result, the cumulative stimulation is conserved in synofirwith the input delivered
through the Internet, and applied to the slave without Idespite random delay or

packet losses during transmission over the internet.
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Below is a detailed discussion for CSCS implementationgi&uar potential scenarios.
In the first scenario, data is transmitted accurately (na datmutation nor packet loss)
from the master to the slave with some static delay. Eachsiatgple is transmitted
from the master side and is received on the slave side aftenstant delay. Table 3.3
shows this situation. As expected in this case, the integaatd differentiator cancel
each other’s effect, and the packets are received seqlieafi@r going through the

proposed process..

In the second scenario, only packet loss takes place. As eaeén in Table 3.4,
messagesseq; and Seqp are lost. are lost. Here we see that for first message
integrator-differentiator pair works fine and process dbesvalueip. However for

the following two sample because off packet loss diffenti produce 0 because its
input doesn’t change. After thaiy+ 11+ 12+ i3 from integrator is sent and received
by differentiator. Differentiator produce + i, +i3. We have previously prove that
the output value of the process at infinity for input sequendg iy, i, i3 > is equal to

<p,0,0,i11+1i2+i3 > based on the example in hand.

In the third scenario, only permutation is occurred. Theusege of message&®q;

andSeqs are exchanged. Again for the first sequence every thing isltO&shown in
the previous section that, the effect of the permutatiom stesady,, value is nothing.
This phenomena is also seen in the Table BeSired Cumulative Contribution and

Cumulative Contribution to 6, columns ofSeqs.

In the last scenario, as seen in the Table 3.6 both permntatid packetloss are
occurred. While first and third message sequence are exetlipalgo second message
is lost. Again, it easily seen that the resultesired Cumulative Contribution and

Cumulative Contribution to 6. from Segz get equals again as startedSeqp.

These cases are the all possible cases which can occur idRdRJcommunication
sequence. Therefore, here we have shown that the cumutativteibution of the
input signal tof is saved by using this simple discrete time integratoreddhtiator

topology.
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Table 3.3: Ordinary Case of CSCS.

Sequence Received Cumulative Signal Differentiator Input Diff. Output Cum. Contributiont®, Desired Cum. Contribution

0 (0T (0T o (oK (0K

1 (io+ig)T (io+in)T i1 (io+ip)K (io+ip)K

2 (ip+i1+i2)T (ip+i1+i2)T i (ip+i1+iz)K (ip+i1+iz)K

3 (I0+I1+I2+I3>T (I0+I1+I2-|-I3>T i3 (I0+I1+I2-|-I3>K (I0+I1+I2-|-I3>K

4 (I0+I1+I2+I3+I4>T (I0+I1+I2-|—I3-|-I4>T ia (I0+I1+I2-|-I3+I4)K (I0+I1+I2-|-I3+I4)K
Table 3.4: Just with Packetloss Case of CSCS.

Sequence Received Cumulative Signal Differentiator Input Diff. Output Cum. Contributiont®, Desired Cum. Contribution

0 (i0)T (io)T io (io)K (io)K

)¢ (ig=)T (io)T 0 (iK (io+ip)K

2 (io=Fhr+i2]T (i0)T 0 (io)K (io+i1+iz)K

3 (io+i1+i2+i3)T (I0+I1+I2-|-I3>T i1+i2+iz (I0+I1+I2-|-I3>K (I0+I1+I2-|-I3>K

4 (io+i1+i2+i3+i4)T (I0+I1+I2-|—I3-|-I4>T ia (I0+I1+I2-|-I3+I4)K (I0+I1+I2-|-I3+I4)K
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Table 3.5: Just with Permutations Case of CSCS.

Sequence Received Cumulative Signal Differentiator Input Diff. Output Cum. Contribution t@, Desired Cum. Contribution

0 (i0)T (i0)T io (i0)K (in)K
1 (I0+I1+I2+I3>T (I0+I1-|—I2-|-I3>T i1+i2+i3 (I0+I1-|—I2-|-I3>K (Io-i—Il)
<2 (lo+i1+i2)T (lo+i1+i2)T —ig (lo+i1+iz)K (lo+i1+iz)K
3 (ip+i1)T (ip+i1)T —ip (ip+ip)K (ip+ip+ix+iz)K
4 (ip+ir+ip+izg+ia)T (ip+ir+ip+iz+ig)T ix+iz+ia (ip+ir+iz2+iz+ig)K (ip+ir+ix+iz+ig)K

Table 3.6: Both with Permutations and Packetloss Case of CSCS.

Sequence Received Cumulative Signal Differentiator Input Diff. Output Cum. Contribution t@, Desired Cum. Contribution

(i0)T (i0)T io (0K (oK
1 (io+i1+i2+i3)T (I0+I1-|—I2-|-I3>T i1+i2+i3 (I0+I1-|—I2-|-I3>K (Io-i—Il)
(2 (lg=sr==i2] T (lo+ir+iz+ia)T 0 (lo+ir+iz+izg)K (lo+iz+iz)K
(io+ip)T (io+i1)T —iz—is3 (io+i1)K (lo+i1+iz+iz)K
(ip+ir+ip+izg+ia)T (ip+ir+ip+iz+ig)T ix+iz+ia (ip+ir+iz2+iz+ig)K (ip+ir+ix+iz+ig)K
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3.4 Simulation Results

In this section to manifest the contribution this novel addwe compare it with
addon-less and similiar addon cases. Fig. 3.9 shows thdandjgplacement and

velocity results for each cases, and Fig. 3.8 shows comtrguie results for each cases.
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Figure 3.6: Angular Displacements while 30s Internet Break a-)at tammislelay b-)at
variable delay.

Six different cases are simulated to evaluate the perfocmafthe proposed approach.

For all the cases discussed below the same notation is usdldefoeferences, and
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actual performances. Except Fig. 3.9a in each case a matliplforced to track the
trajectory plotted dashed in master side, and the torquergted from this model is
sent over Internet, and again applied on a model plant whachthe exactly same
an parameters. For each subfigures in Fig. 3.9 except Fig. #&a8hed lines are
represents the output of the model plant at master side wincilso called reference
trajectory. Also the straight lines are the output of the giguant at slave side. For
each subfigures in Fig. 3.8, dashed lines are the torquel signeh force the model

plant at master side to track reference trajectory and sesiate side over Internet,

and the straight lines are the outputs of the correctionralgo if exists.

First case; just the reference trajectory is sent over Internet. Thigasion is seen in
Fig. 3.9a. It is seen that while the system is stable, botlulangelocity and angular

displacement is effected very much from the disturbancaudmse of network effects.

Second case; here just the torque signal sent over Internet without anyection.

Because of perturbations and packetlosses in torque tissiom seen in Fig. 3.8a,
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the slave side couldn't track the master side in transiedtsdeady state as seen in
Fig. 3.9b.

Third case; here just the delay regulator is used for correction andydélae
regulation. The results are seen in Fig. 3.9c and in Fig.. 3A8lresults are perfect,
both displacement and velocity tracks the master withoatuption. However, it
should be noted that in that situation the maximum delay iptied is well suited
for this networking environment which is a very hard caseré&al world because of

Internet unpredictable delay behavior.

Forth case; again just the delay regulator is used for correction andydéime
regulation. However, in that case the buffer is overflow. &mse of perturbations
and packetlosses in torque transmission seen in Fig. 38s|ave side couldn’t track

the master side in transient and steady state as seen in%ig. 3

Fifth case; in that case proposed scheme is used for error correctiorre, hteis

interesting that while in Fig. 3.8d slave side torque sigi@ds not exactly track the
master side torque signal, as seen in Fig. 3.9e the slavdrajdetory tracks master
side reference trajectory with very low corruption in trigamé state and very close in
steady state. This figure shows the major contribution ofgsaposed scheme over
control signal transition. Instead of delay regulator, Hira of this approach is not

saving the transmitted signal, the aim is saving the outiguizs.

Sxth case; in that case proposed scheme is used with delay regulatthre iietwork
delay is under the predicted value, because of integrafferehtiator process the
output will be exactly same of the second case. Then hereensraulating overbuffer
case like in third case. Instead of third case where the s@e=could not track the
master side trajectory in transient and steady state, hack perfect in steady state

and with low corruption in transient.

3.5 NIL Results

To analyze the performance of the proposed algorithm irhéurtetail, we test the
delay regulator only configuration and delay regulator pR&CS algorithm on a
network-in-the-looplIL) system [26]. In the NIL system, both the master and slave

run on separate real time simulated systems (in our case MET's XPCs), but the
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Figure 3.8: Control Input Transmission Results.

network is the actual Internet. Thus, the “network” effeatsthe distributed system
can be observed realistically and more distinctly, by isotpthe effects of actual plant

nonlinearities and uncertainties, as well as the measurenogse.

Fig. 3.11. depicts the comparative performance of the twwaarhes in terms of the
angular displacement obtained via the NIL test bed. Here,F1i1a shows the angular

displacement obtained from the delay regulator only(DRYiguration (with the delay

47



@
o
=}

= = =Reference

= = =Reference
= Qutput

400

= Qutput
o r

Angular Displacement (Degree)
Angular Displacement (Degree)
n
o
o

20},
10 R e o L L LS L]
0 : L . ~200 ‘ . i ‘
0 10 30 40 50 0 10 20 30 40 50
Time(s) Time(s)
@ 500 g 0 ; ; ;
5 5 p
8 8 1
< < o [
g g 1 I\ d
s 0 S o 1
2 g { i \
5 2 -10f M 1
=2 (= [}
2 2
< 500 ! < 5 ; . ; ;
0 10 20 30 40 50 0 10 20 30 40 50
Time(s) Time(s)
(a) First Scenario (b) Second Scenario
’g? v
240 S 400 :
\é‘i = = =Reference E’ = = =Reference
= 30— Output = 300| === Output
S 7, T ' 1=
SN/ : p : £ 200f
8 201 ! ¥ 1 g
S |y H ' ' < 100r
2 4 i [} 1 2
& 10p ' H : o 9
& [ ) ' 5
30 : i 3 _100 i i i .
g 10 20 30 40 50 7% 10 20 30 20 50
Time(s) Time(s)
g 0 o 40
g Q
& H 1 T
£ 10t 1 i £ 2}
> : ] 2 'l 1
g H \ 2, ~ ! ik
@ ] o ] v ] A
z i i z | !
& 10t ! f S -20
= ' =)
2 2
< i i i i < 4 ‘ i i i
0 10 20 30 40 50 0 10 20 30 40 50
Time(s) Time(s)
(c) Third Scenario (d) Forth Scenario
B B
£ 40 g 40
A = = =Reference 8 = = =Reference
= 30— Output = 30{{=———Output
o Q
£ E
& 20, 820 ]
k| 8 L
g g !
510 4 10 !
5 [l T [}
30 ‘ : 30 ;
g 10 20 30 40 50 g 10
Time(s) Time(s)
& 20 & 20
k=1 =1
© ©
£ 10 < 10
= 2
g 4 ¢ s $
s O ) s O Al
> >
< -10 [ [ <€ -10 [
= j=
2 2
< i i i i < 5 i i i i
10 20 30 40 50 0 10 20 30 40 50
Time(s) Time(s)
(e) Fifth Scenario (f) Sixth Scenario

Figure 3.9: Angular Displacement Tracking Results.

exceeding the regulator’s buffer length), and Fig. 3.1Iinaiestrates the results of the
delay regulator plus CSCS (DR+CSCS) for the same time péftwdhe same case).
While the delay regulator only configuration results in dtdthe addition of CSCS

to the delay regulator contributes significantly to the kiag performance, especially

eliminating the drift totally (hence, the effect of the déaimtegrator) in steady-state.
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Fig. 3.12 demonstrates the control (torque) inputs to tbegss for both cases. Here,
Fig. 3.12a depicts the generated torque at the master sidde Wig. 3.12b and
Fig. 3.12c demonstrate the torque input at the slave sidthéodelay regulator only
scheme, and the integrated scheme, respectively. Someaatption can be observed
in Fig. 3.12b and Fig. 3.12c (around)5 However, we also see signals aroursdrb

Fig. 3.12c which compensates the angular displacementtfiahtorruption.

Switch

] - 108 -

| =" | =

Master Side Simulator xPC Slave Side Simulator xPC
[E—=t
il

=

&

Control & Visualization PC
Figure 3.10: NIL Setup Diagram.

3.6 Conclusion

In this chapter, different from most previous literatureteleoperation and bilateral
control, the control (forward) path alone of the mastewsi®leoperation system was
taken into consideration and a novel approach, namely,dh&a signal correction
scheme (CSCS) was proposed to remedy the performanceodatiergy effects of the
communication delays on the forward path. The developedrsehwas integrated
with the authors’ previously proposed master-slave cordigon, which converts the

slave side to an LTI through a model tracking controller (MTtus justifying the
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Figure 3.11: NIL Angular Displacement Results a-)DR only b-)DR+CSCS.

development of the control signal correction scheme basetTo principles. The
CSCS is integrated with the previously developed mastefestonfiguration, which
includes a delay regulator, a network delay compensatiarhar@sm for the feedback
path, and disturbance rejection scheme on the slave sidendogpecific solution
against the delay effects on the control path. The masteeslonfiguration with and
without CSCS is tested under virtually created extreme odtdelays as well as under
actual network conditions. The results demonstrate thaydelgulator’s contribution
to perfect tracking in transient and steady-state as lornigeadelay remains within the
limits of the buffer size; however, the unpredictable nataf the internet may result
in the buffer size to be exceeded, resulting in instabilitye control signal correction
scheme faces no such limitations; hence, he integratiomaggsed CSCS with the
delay regulator provides stability in this case. Using botthe same path, as a matter
of fact, provides the best solution: When the delay is withmbuffer limits, the delay
regulator works fine and the proposed sheme has no contibaticept two sample
delays. However, when the buffer overflows, CSCS correcsd#viations of the

output trajectory (caused due to losses) and suppliedistatith very low error in the
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transient state. The CSCS could also function alone (wittleday regulator) yielding
a small error in transient state, but perfect tracking imdyestate, hence, could be
integrated into master-slave motion control systems toea®e position transparency
under network delay. In the following chapter, we will add@®Addon to the core

solution, and we will show closed loop behavior of CSCS bytrrddf experiments.
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4. EXTENDING TO MULTI-DOF

The functionality of the improved delay regulator that was/eloped within this
research is limited in terms of buffer size, thus requireditawhal modifications
to be done. The previous chapter tackles all the problemsitsgducing a novel
technique of dealing with the negative effects of delay andbntrol signals through
CSCS (control signal energy conservation) between thalicntrol signal (conveyed
from the master side) and the input of the control signal towahe slave. The
suggested scheme is based on the notion that the main plahd wiosely monitor
a desirable model of linear system, for instance, throughARIRmodel reference

adaptice control) or MTC (model tracking control).

Because the focus of the previous chapter is on the conttbl(f@ward path) only,
here we have felt to demonstrate the closed loop CSCS comaéptmulti-dof,

intercontinental experimental results.

4.1 A Configuration for the Networked Control System

Here we will introduce our proposed multi-dof networked ttohsystem configuration
which is seen in Fig. 4.1. In the multi-dof configuration, tieerator forces the master
manipulator to a desired posture, which in turn will dicttite slave motion. In order
for the slave to track the master motion in the closest pesgiy, on the master side,
an Astrom Smith PredictoASP) generates the control signal for the model plant. The
symbol and block diagram of the multi-d&&P is seen in Fig. 4.3. Then the control
signal generated on the master side, is transmitted to #tve side passing through a
Delay Regulator Send uniDRS,) through the Internet to Delay Regulator Receive
unit (DRRs). On the slave side, a Model Tracking Cont®ITC) algorithm inputs the
received control to an other model process (same as the mtaddlat master side)
and forces the slave manipulator to track the trajectorh@ihodel plant. The symbol

and block diagram of the multi-d®iTC is seen in Fig. 4.2. The angular displacement
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output of theMTC is fed back to th&SP passing through a Delay Regulator Send unit
(DRS;) through the Internet to Delay Regulator Receive UDRRyy,). [39]

Heretyq1.2,3y denote the joint torques generated by the operaggr; » 3, denote the
joint torques applied to the manipulator after the additryyy, ;23 gravitational
compensation termsty(1 23, denote the torque signals fed BIRSy to be sent to
slave side. Fm{l’z’g} denote the delay regulated torque signals coming through th
Internet from the master to the slavegy; 3, denote the joint torques generated
by MTC, 7141235 denote the joint torques applied to the manipulator after th
addition of gqs(1.23) gravitational compensation terms. Finatly; >3 denote the

slave manipulator’s joint angle (actual) positions.

Both manipulators can be modelled by Euler-Lagrange eguiais a classical

mechanical as follows

M(@).6+V(q,4).9+G(q) =T (4.1)

where,

q . nx1 position vector
M(q) : nxninertia matrix of the manipulator
V(q,q): nx1 vector of Centrifugal and Coriolis

terms
G(g) : nxl vector of gravity terms
r . nx1 vector of torques

Here, each manipulator system is taken on consideratiom a&sdapendent control
system after gravity compansation. Therefore, after ggyamampansation, we assume
each joint as an independent SISO system. All nonlineararel couplings are taken
as disturbance affection on each joint LTI SISO system. Tiig exception is gravity
effectG(q). For gravity effect we use compansaé){z G(q) to cancel and/or reduce

that effect.

4.2 Experimental System and Results

For this purpose two experimental setup is built. One istexdtan Istanbul, Turkey
and the other is located in Alaska, USA. Those setups areectedh to each other

with ordinary Internet connection. The setup located inskég contains a PUMAS560
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Figure 4.1: Multi-DOF Position Control Scheme.

industrial robot used as master manipulator and moved bypleeator. The setup

located in Istanbul, contains a Staubli RX160 industribbtaused as slave manipulator

which tracks the trajectory of the master manipulator withmee delay. Those setups

are seenin Fig. 4.4.

Three kind of trajectory is tested in the experiments. Fst fiasefqq1 2 3; is applied

by and additional controller to force master manipulatackrthe pure sine trajectory.

The results of this experiment is seen in Fig. 4.5. For thesg¢case Ty 23; IS

applied by and additional controller to force master malaifmu track the bidirectional

pulse trajectory. The results of this experiment is seengn46. Finally, in the last
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case, an arbitary signal is applied whit real operator. Esalt of that case is seen in
Fig. 4.7. For each figures dashed lines represents the nsadtereference trajectory
and the solid lines represents the actual trajectory inestagte. In each figure, it
is easily seen that the slave manipulator tracks the masamipulator’s trajectory

successfully.

However, it should be mentioned that in our control topo|dhg effect of Centrifugal
and Coriolis terms are ignored. Then, the system perfornsepaable when the
disturbances comming from those therms are small. For mgstehich runs higher

speeds, also Centrifugal and Coriolis terms should be casgtad like gravity.

4.3 Conclusion

In this study, a multi-dof networked control applicationABP-DR-MTC scheme and
recently proposed CSCS algorithm, is presented. Then,dbhelaped architecture is
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Figure 4.3: Multi-Dof ASP; a) Symbol, b) Block Diagram.

tested on an intercontinental test bed, one end is in Alddi# and the other is in
Istanbul, Turkey. The experiment shows us the core solytioa CSCS Addon has
sufficient maturity for real word applications where theustmess is essential. In the
next chapter, we will focus on the networked control with tendwidth limitaion

view. We also propose a solution based on compression foptipose.
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5. THROUGHPUT IMPROVEMENT USING COMPRESSION

One of the major factors that affect the performance of a agding control algorithm
is the loop execution frequency. The fact from Nyquist tiygorplies that the shorter
sampling period yields the wider bandwidth of the signal][40he communication
infrastructure of a teleoperation system, having congisteommunication lines and
router devices, imposes significant limitations on paaletgmission rates. Moreover,
as a natural drawback of internet medium, network congestgk increases when
an interval of packet transmission is shortened. Becauseetfork congestion,
amount of communication delay and rate of packet loss isersgnificantly, which
deteriorates the performance of overall control system.ortier to overcome the
effects of congestion, some compression based methodskaveproposed that set
the frequency of packet transmission lower than that of timérol loop [41], [42], [43].
Utilization of compression algorithms implies the existef two Nyquist frequencies
for the acquisition of a signal; one that is determined bygampling period for the

control, and the other being determined by the packet treassom rate.

A similar problem can be observed in biomedical sciencesnvthgng to transmit
bio-potential signals, such as electrocardiogram (EC@&,daver the network. For
those systems, compression schemes are used that imgptititke use of some
transformations. Some examples of these compressiorgtesdnclude the discrete
cosine transform (DCT), Walsh transform, Karhunen-Loaemdform (KLT), and
wavelet transform. The contribution made by using a trams&bion for compression
comes from the ability to concentrate the energy of the nalgsignal in smaller sized
data packages. With the particular selection of the transition scheme, it becomes
feasible to represent the signal by using small number dficants in exchange of
small losses from the original data [44]. In that sense, nmggpthat would contain
more of the energy from the original signal in smaller sizathgles would perform
better for the compression. The wavelet transform has a ¢meadization property

both in time and frequency domains and fits this purpose ofctdmpression idea.
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Furthermore, by appropriate selection of the wavelet fongtrepresentation of the

same signal can be obtained with smaller error.

Despite being an important factor influencing performarthe, use of compression
approaches in the area of teleoperation and networkingaoate very rare [45],
[46], [47] and are mostly based on DFT and DCT. The novel WPdecoscheme
approach proposed by the authors was demonstrated to hagtea jperformance
over those approaches in the literature with its capabiditirack the original signal
even at 90% compression rate [48]. This is an improved padoce over existing
compression approaches in the literature. In [49], the Dfff@ach was demonstrated
by the authors to have a better performance over DCT, andoydiverge even at
80% compression rate [48]. Besides its significantly impobperformance, another
advantage of the proposed WPT approach is its increasedbifigxiwhich allows
for a higher number of parameters to be adjusted (i.e. watgbe, wavelet buffer,
vanishing moments, and wavelet level) in comparison to BFSingle adjustment

parameter, which is buffer length.

A short packet-sending period and a low communication dataymain requirements
to achieve high synchronization in networking control. Hwer, taking into

consideration the bandwidth constraints, there is a tifhdetween packet-sending
period and communication delay. Low frequency samplingem@tates the

transparency and stability whereas high frequency exaitaif network increases the
possibility of congestion and packet losses [41]. Making aiscompression methods,
flexible design possibility is introduced for adjusting tecket sending period taking
into consideration the bandwidth limitations. Furthermosince the network jitter
is defined as communication delay variation over packetisgnperiod, use of a
compression algorithm in real-time loop also reduces titerjdisturbing the system

from network.

The main contribution of this chapter is a detailed perfaroga analysis and
experimental verification for the authors’ WPT approach ][480oposed for
teleoperation and networking control applications. Ta thim, different wavelet
families have been analyzed and experimentally testedftareht buffer lengths,

wavelet levels, and compression rates, also consideringpotational cost. The
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Figure 5.1: Benchmark DFT Based Compression-Decompression Scheme.

analysis is based on the teleoperation system which wasuaksw in the evaluation

of the DFT and DCT approaches in the previous studies [49].

The organization of the chapter is as follows. Section 5.4cdees DFT based
benchmark compression system. Section 5.2 introducesdleléf Packet Transform.
Section 5.3 discusses the WPT based compression/decaigprédea utilized for
networking control. Section 5.4 compare DFT and WPT withesxpental results.
Section 5.5 analyses Wavelet basis functions . Sectiomal§ses WPT in more detalil
with several parameters and basis function sweep. Finally,7 and 5.8, analytical

discussion over experiment results and concluding remakpresented respectively.

5.1 DFT Based Benchmark Compression System

A coding and decoding scheme based on the use of discreteeFvansform (DFT)

is proposed in the literature for bilateral control systgd@]. For convenience of
the proposed architecture, an overview of the coding anddieg scheme that was
proposed in this earlier study is presented in the followdiggussion. This method
manages signal with low and high frequency components. Tdte frequency part
is transmitted in terms of frequency spectrum and addededoth frequency part to

increase the bandwidth of the decoded signals.

On the transmitting side, a signal lower than the Nyquisidency g) of the original

packetx oy is created by a low pass filter (LPF) as follows;
Xiow = GLPF (S)X (5.1)

where,Gpr (S) denotes the low pass filter transfer function whose cutefidiency is

lower thanfg. In addition to the extraction ofi,,, DFT calculation is performed to
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extract the frequency components from the following foragul

SDFT[K = %i}x[n]eﬂk” (5.2)

kK = {knin,kmin+1,..., Kmax}

where N is the number of data used for the DFT calculationgé&aN values provide a
better frequency resolution, unfortunately with the cdshore calculations and larger
memory requirement. When there is no compression, the mimirand maximum
values ofk are respectively set &gin = 0 andkyax = N. In the case of compression,
minimum value ofk is selected to bédin = foNTs while the maximum value is
determined frommin(fexnt, fg) and the desired bandwidth for the compressed signal.
Compression is performed by selectikgyx at a different value thaN. Settingkax

to a large value increases the bandwidth, but also increélase&slculation cost and the
size of data transmitted over one packet. The transmitteklgbancludes the selected
coefficientssDF T and low frequency componentg,, which are minimum necessary
data to recover the compressed signal up to a certain pyaci€n the receiving side,
the high frequency parg, is added to the low frequency pagt,, to reconstruct the
original signal xgn is reconstructed by sDFT using inverse discrete Fouriasfoam

(IDFT).

1 XN -
fnigh] = = Z}x[n}e’m‘ (5.3)

k = {1,2,...,N}

where,N is the number of sampling points from the renewakbfFT. The sum of

X ow andXyigh generates the decoded signal on the receiving side.
X= )A(Iow‘f‘)A(high (5-4)

The benchmark coding and decoding scheme described abatsesrihe receiving
side system use signals with frequency components higharttfe Nyquist frequency
which the network medium permits without compression. Mwues the scheme
enables wide-band signal transmission even with severgations on the packet
transmission interval. For convenience of the reader, eesgmtative diagram of DFT

based codec structure is given in Fig. 5.1.
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5.2 Wavelet Packet Transform

In time-series, analysis can be handled by either in timealorperspective such as
moments and correlations or can be handled in the frequeanyaith perspective
such as energy spectra of signals. Wavelets yield a way tlyznghese signals
both in time and frequency domains by producing local spéatformation about

them [50]. Unlike the Fourier based waves, which covers theletime axis, wavelets
are localized in a bounded interval of time which satisfies\a fequirements. This
elasticity enables construction of new wavelets for newiegfons. The information

from which the signal can be a analyzed and reconstructeleirseélected time and
frequency span can be contained in the wavelet coeffici@us. to their advantages
in providing local information, wavelets have been adoptegerform efficiently in

many applications like identification and estimation [51].

Wavelets are defined by the wavelet functif(t) also called the mother wavelet and
scaling functionp(t) also called the father wavelet in the time domain. From atjmalc
point of view, wavelet function acts like a band-pass filt@éhwcaling. Hence, in order
to cover the entire signal spectrum, one has to use an infiteber of wavelets.

Mathematically speaking, the fundamental form of wavetets be given as follows;

Yt)=v2y gme(2—n) (5.5)
nez

o(t)=v2y h(me(2t—n) (5.6)
nez

where,g(n) andh(n) stand for the high pass and low pass filters respectivelyhyhic

together constitute a pair of conjugate quadrature filt&2$. [

Application of wavelets on practical systems is very simii@a the realization of
sub-band coders. In this approach, the signal is separatetbiv and high frequency
parts that are called approximation and detail respegtival 1988, Mallat produced
a fast wavelet decomposition and reconstruction algor[@8h The Mallat algorithm
for Discrete Wavelet Transform (DWT) is a two channel subébaoder which uses

conjugate quadrature filters (CQFs) or quadrature mirr@r&l(QMFs). The one-level
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DWT algorithm, which is usually denoted as the decompas#igorithm, is shown in

Fig. 5.2 below.

C
LDF ——p $2 —iy
N/2 coefficient

N sample buffer CD
HDF i,z —

N/2 coefficient

Figure 5.2: Wavelet Decomposition Algorithm.

Here, LDF denotes low pass decomposition filter and HDF dendtigh pass
decomposition filter which are orthogonal to each othey, bperator denotes
down-sampling processa denotes approximate wavelet coefficients apdienotes
detailed wavelet coefficients. We will call this one-levedaete wavelet transform in

the rest of the chapter as DWTL1.

The inversion of the process is similar to the forward cask @an be done by just
exchanging down-sampling to up-sampling and quadratuesdito quadrature mirror

filters as shown in Fig. 5.3.

C
A_>‘T2 —| LRF !

N/2 coefficient xou[

C N sample
L Tz ——| HRF

N/2 coefficient L |

Figure 5.3: Wavelet Reconstruction Algorithm.

Here, LRF and HRF represent the low-pass reconstructiogr fdhd high pass
reconstruction filter respectively, which are again orthwej to each other, and
likewise 1" operator denotes up-sampling process. Similar to thedaiwase, this
one level inverse discrete wavelet transform will be abiated as IDWT1 in the

context of this chapter.
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5.3 WPT Based Compression System for Bilateral Control

The wavelet packet method involves decomposing the siggiagjwavelets in binary
tree form. For the selected orthogonal wavelet functionKldhd HDF), we generate
a set of bases called wavelet packet bases. Every set haulsarfeatures of the

original signal. The wavelet packets can be used for lotsxphesions of a given

signal.
............................... Input,
o ® 0 0 &6 & 0 0 @& ..
c, ¢p Cy Cp
1% Level
................................... oW .
.............................. 27 Level
<1 [
2™ Level
IDWT1
® @ M Level 1% Level
l Output
(a)

Figure 5.4: Wavelet Packet Transform Tree; a) Decomposition, b) Reiroation.

In the orthogonal wavelet decomposition procedure, theaqmation coefficients
are always separated into two parts, resulting in a vectappfoximation coefficients
and a vector of detail coefficients, both of which work at arseascale. Then, the
approximation coefficient vector is separated again, btaildeare not reanalyzed
anymore. Hence, the information loss is in the detailed. dilease of wavelet packet
transmission, both detail and approximation coefficierttees are separated, hence
offering the richest analysis capability. The completeabyntree is produced in this

way as given in the Fig. 5.4A) and(B) below.

In the WPT based compression architecture, wavelet packetsystem is used to
decompose and reconstruct the signal. Once again, thd @geparated into its low
and high frequency parts. Following this separation, the flequency component
of the signal is down-sampled and the high frequency compoatthe signal is
compressed according to algorithm which saves the predefimreunt of maximum

wavelet component and cancels others.
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For the decompression process, the low frequency part gihdteiquency components
are decompressed separately and then combined togethés. adkequate to hold
each sample of low frequency signal for N times. For decosgio@ of the high

frequency side, the inverse wavelet packet transform isiexpfo the wavelet packet
tree. The selection process means saving maximum predefnednt of components.
Having acquired the two components constituting the oalggignal, low frequency

components are summed with decompressed high frequenwisignd the recovery

of the original data is completed. The whole process is shavig. 5.5.

5.4 DFT vs DWT Experimental Compression Results

Verification of the proposed compression scheme is perfdrorean experimental
setup consisting of linear motors. Two Hitachi-ADA serigselr AC motors and
drivers are used as the experimental platform. The linedaorabdad Renishaw RGH41
type incremental encoders witlufin resolution. The implementation of the algorithm
is made over C code and real time processing was enabled bypabe DS1103
card. The experiments are conducted with time delays thet tanstant and varying
components in both measurement and control channels arabtheression is made
using the two schemes presented in the preceding sectionrsamiling frequency
of 1KHz was used for both the benchmark DFT based algorithtnproposed DWT

based codec scheme. A picture of the experimental setupasa gelow in Fig.5.6.

In the experiments, the master operator is controlled bgdhgputer under a sinusoidal
position reference and the input curragtfrom the same sine position tracking
command is used in the algorithms. Selection of the inputetiirhas particular
importance since it is the fastest varying signal of the alVexontrol loop (i.e. the
signal for which high frequency components carry the mogtartant information).

One segment of the compressed control current is given ib Aig below while the
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Figure 5.6: Experimental Setup.

detailed plots obtained by zooming on the marked region isf figure is given in
Fig 5.8.

The results shown in Fig 5.8 are obtained using differentpr@ssion ratios varying
from %80 to %95 having kept the buffer size at a constant vafiéd. From the figure,
it is observed that the reconstructed signal from the pregp@sdec scheme can track
the original signal up to around %90 compression. On therdtaed, responses from

DFT based codec diverge from the original signal even at %68@pcession rate.

In order have better evaluation of performance for the psedaarchitecture, power
error comparisons with the existing method (i.e. DFT bas®tec scheme) are made
using the same signals in both methods. In that sense, bdtiecadlgorithms are
tried with buffer lengths of 16, 32, 64 and 128 data pointsedch buffer length, the
compression ratio is changed from %0 to %100 and the resel{slatted with respect

to the following power erroEp;

o I:)Original - I:)Decomposed %
I:)Original

Ep 100 (5.7)

where Porigina and Poecomposed F€SpPeCctively stand for the power of original and
decomposed signals. Results of the power errors are plottEdy 5.9. From these
plots, it is obvious that the proposed algorithm outperfothe benchmark algorithm

used for the compression of haptic data. Moreover, it carekea from these figures
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Figure 5.7: Original Signal Used for Compression-Decompression.

that for the same signal, increasing the buffer size afteis@&aples have almost
negligible effect on the power error for the same values afjgession rates. Having
considered the computational requirements for largerebsitzes, one can deduce the
fact that the best performance of the system is obtainedufferbsize of 32 samples

in DWT based codec scheme.

5.5 DWT Basis Functions

In wavelet transform, the acquisition of information |laged within the signal is
dependent on the selection of the basis functions (i.e. ets)eBased on the structure
hidden in the basis function, the information is retrieved dilations and shifting
operations. Hence, it is important to decide on the correstelet for particular type
of application since some basis functions might reveal eeepntent from the same
signal. For convenience of the reader, we provide belowef bimmary of the most
commonly used DWT basis functions. The derivations and tcoctson procedures
of these wavelets require a much deeper discussion, whiaéyend the scope of the

work presented here.
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Figure 5.8: Reconstructions from the Original Signal.

5.5.1 Haar

Haar wavelet family is combination of a sequence of squaapeth functions scaled
to construct a basis for transformation [54]. This familynsttute the simplest
possible wavelets that exists in the literature and can beisho be a special case
of Daubechies wavelet (i.e. D2). The Haar family wavelets aot continuous
and therefore are not differentiable which provide advgatm analyzing suddenly
changing signals. The mother functigr(t) and the corresponding scaling function

@(t) for the Haar wavelet family can be given as follows;

1 0<t<1/2
Yyit)y=<¢-1 1/2<t<1 (5.8)
0 otherwise

{1 0<t<1 59

0 otherwise
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Figure 5.10: General Shapes of Wavelet Basis Functions.
5.5.2 Coiflets

Coiflets constitute another set of discrete wavelet basistions which have scaling

functions with vanishing moments [55]. Vanishing momenis the degrees of

the polynomials representing a linear combination of theamng function and
its translation. It determines the convergence rate of ieavapproximation.
Mathematically, the mother and scaling functions of geliezd Coiflet of orderl

(denoted ag) , andq ;) for someu € R, is supposed to satisfy;
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/Rtpt,uw(t)dt ~0 (5.10)

/]R(t_u)p(ﬂ#(t)dt:ép (511)

where,p=0,1,...,1 — 1 andu is the center of mass of scaling functign,(t) [52].

5.5.3 Daubechies

Daubechies family constitute an orthogonal wavelet bakisis characterized by a
maximum amount of vanishing moments for some given sudgorthese wavelets
are widely used for analysis of self similarity or signalatiatinuity problems. An

easy way to realize Daubechies wavelets practically is tkemese of Fast Wavelet
Transform [56]. Unlike other wavelets, in Daubechies waigthe mother function
is dependent on the scaling function and the scaling funaian be obtained from a
recursion equation [57]. Mathematically, fdre N, Daubechies wavelet of class N2

can be obtained from the following mother and scaling fuordi

2N-1
Wy =v2 5 (~19) hony 1 40 (2x—K) (5.12)
2N-1
P(x) =2 > hp(2x-K) (5.13)
k=0

where,hg, hy,...,hon_1 are the constant coefficients of filter satisfying the foliogy

conditions;

S hy= S h 1 (5.14)
ok = Pkl = —= :
22 2,
2N—-1+2 1 ifl=0
% hehk_o1 = . (5.15)
2 0 if 1£0

withl =0,1,..., N—1. As obvious from equation (5.12), in order to obtain the elai;
first the recursion given in equation (5.13) has to be soleed £ R\ [0,2N —1].
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5.5.4 Bior

The Biorthogonal wavelet family differs from the functiads since they are not based
on vanishing moments [58]. Although they are very differenin the Daubechies
wavelets in terms of shape and properties, their constnugtiea is exactly same.
Moreover, all generators and wavelets in this family are satmic. Mathematically,
the form of the corresponding mother and scaling functid@® for Bior wavelet

family can be given as;

N

Y(t) = kZOZQr(k)fp(Zt—k) (5.16)

N
o) = 3 Hp(2t—K) (5.17)

where, g' (k) and h"(k) stand for the reverse of the original filteggk) and h(k)

respectively.

5.5.5 Rbior

Reverse Biorthogonal wavelet functions are generatedtbyananging decomposition
and reconstruction filters of the original Biorthogonal ekt functions. The mother
and scaling functions of these wavelets share the same matital representation
with the original Biorthogonal wavelets as given in equas$iq5.16) and (5.17)

respectively. Rbior wavelets are widely used for systemtifieation.

The variations between the wavelet functions result ineddhces in terms of
compression rates and computational complexities intiodua pay-off to select
the best wavelet function for the particular applicatiorhand. The dependency of
compression rate is more closely related to the shape ofighaldeing compressed
and the shape of the wavelet used for the transformation.h®wther hand, having
chosen a particular wavelet structure for applicationbfams related to computational
complexity may come into picture based on the selected kanrgsmoment, buffer

size and compression level. In order to provide a consistealysis of the selected
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wavelets, the general shapes of these wavelets and theniation related to their
buffer sizes are provided in Fig. 5.10 and Fig. 5.11 respelsti

5.6 Detailed WPT Experimental Analysis

In the experiments, artificially generated time delays treate constant and varying
components in both measurement and control channels arleysdmbetween master
and slave operators. During experiments, the compresamdecompression is made
using the WPT based compression algorithm running in varjparameter sweep
conditions to test their effects on the overall performantkeese conditions include
wavelet family, compression level (i.e. depth), bufferesand compression ratio. A

picture of the experimental setup is given below in Fig.5.6.

In the experiments, the master operator is computer coediralith sinusoidal position
reference and the corresponding control curiigft) from the same sine position

tracking command is used in the compression algorithm sindailateral control
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current of the master system is the primary data that is setité remote system.
Selection of the input current has one more important asf@ate current input is the
fastest varying signal within the control loop (i.e. therggfor which high frequency

components carry the most important information) the perénce of the compression
algorithm can best be seen on this data. Fig. 5.12 shows gneese of the compressed
control current while the detailed plots obtained by zoaponm the marked region is

provided over the same figure.
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Figure 5.12: Original Signal Used for Compression-Decompression.

In order have better evaluation of performance, power ezoonparisons are made
using the same signals for every different scenario. Foln ease, the compression
ratio is changed from 0% to 100% and the results are plotted mispect to the

following power errorEp;

- I:)Original - I:)Decomposed %

Ep
Pori ginal

100 (5.18)

where, Porigina @nd Poecomposed r€Spectively stand for the power of original and

decomposed signals.
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Since the number of parameters that affect the overall ikgoic performance are
relatively high, here we adopt a methodological way to olxséne effects of these
parameters by carrying out separate analysis for eachelitféactor. For that purpose,

three different experiment sets are carried out and exgdidelow.

5.6.1 Experiment Set-1

The first experiment set covers analysis with respect to theelet family and
compression depth for which the results are given in Fig3.5Ilh these figures, the
main objective is to see the change in responses via chattggnganishing moments
of the corresponding family and changing the compressigithd@.e. level) under
constant vanishing moment of the corresponding family. Tmeilies used in the
experiment content include Biorthogonal 1.x, Biorthoddha, Reverse Biorthogonal
1.x, Reverse Biorthogonal 2.x, Coiflets and Daubechiesergiin Fig 5.13fa),
Fig 5.13{b), Fig 5.13{c), Fig 5.134{d), Fig 5.13{e) and Fig 5.13(f) respectively.
In these figures, for each family, upper subfigure shows tieetedf family parameter
on power error with respect to comparison ratio and lowefiguke shows the effect

of wavelet depth on power error with respect to comparistin.ra

Referring to the upper subfigures, one can conclude thabttin@iession error decrease
slightly with increasing vanishing moments for every watdhmily. On the other
hand, the computational complexity comes into picture wiagking about increasing
vanishing moments since that means increasing the lengtleaainstruction and
decomposition filters as seen in Fig. 5.11. Hence, one haké&ihto consideration
the relative change in the required computational poweafemall enhancement in

the compression performance.

On the other hand, having observed the lower subfigures, anededuce that
increasing the wavelet depth results in better performaegardless of the wavelet
structure. This result is consistent with the intuitionapectation, since at every
additional level more coefficients are generated to reptdbe same signal. However,
here again one has to consider the increasing computatcmmaplexity with the

increasing depth. Theoretically the computational rexugnts double as the

compression depth is increased one step forth. Hence,tiseleaf compression

77



_20 . . . . . . . _20 . . . . . . .
g g
g 15} | —— M=1 WF=biorl.1 5 15F —— M=1 WF=bior2.2 dl
bl - = -M=1 WF=biorl.3 il - = -M=1 WF=bior2.4
== M=1 WF=biorl.5 == M=1 WF=bior2.6
£ 100 jor: 1 £ 10t ior: 4
a @
o o
Q 4 o F 4
g5 g5
o o
o o
0 n ; ; ; ; ; 0 n ; ; ; ;
50 55 60 65 70 75 80 85 90 50 55 60 65 70 75 80 85 90
Compresion Rate (%) Compresion Rate (%)
_.20 ‘ ‘ ‘ ‘ ‘ ‘ ‘ _.20 ‘ ‘ ‘ ‘ ‘ ‘ ‘
S S
5 15 | ——M=1WF=biorl.1 i 5 15 | ——M=1WF=bior2.2 d
5 - - =M=2 WF=biorl.1 5 - - =M=2 WF=bior2.2
- - M=3 WF=biorl. - - M=3 WF=bior2.
£ 100 jorl.1 4 £ 10r M=3 WF=hior2.2 4
u 0
o - <4
=% L o i =y L P
g5 Cens g5 P
S == 8 B St
o 0 e e T T T 1 1 0 - e e = = P T
50 55 60 65 70 75 80 85 90 50 55 60 65 70 75 80 85 90
Compresion Rate (%) Compresion Rate (%)
(a) biorl.x (b) bior2.x
_20 . . . . . . . _20 . . . . . . .
g g
g 15} | —— M=1 WF=rbiol.1 5 15} —— M=1 WF=rbio2.2 4
bt - = =M=1 WF=rbiol.3 i - = -M=1 WF=rbio2.4
== M=1 WF=rbiol.5 == M=1 WF=rbio2.6
£ 100 io i £ 10t rhio: 4
a2 @
4 o
Q F 4 Q F 4
g5 g5
o o
o == o
0 === ! ; ; ; ; 0 | ; ; ; ;
50 55 60 65 70 75 80 85 90 50 55 60 65 70 75 80 85 90
Compresion Rate (%) Compresion Rate (%)
_.20 ‘ ‘ ‘ ‘ ‘ ‘ ‘ _.20 ‘ ‘ ‘ ‘ ‘ ‘ ‘
S S
5 15 | ——M=1WF=rbiol.1 i S 15L | ——M=1WF=rbio2.2 l
5 - - =M=2 WF=rbiol.1 5 - = =M=2 WF=rbio2.2 ,
€ 10} | == M=3 WF=rbio1.1 < 10} | = ='M=3 WF=rbio2.2 -
2 2 .
£ 9 2
[=% L =% L Ll 4
£ 5 £ 5 [P g
5 S 8 T
o 0 e w e e T 0 E e E TSI L L
50 55 60 65 50 55 60 65 70 75 80 85 90
Compresion Rate (%) Compresion Rate (%)
(c) rbiorl.x (d) rbior2.x
. 20 T T T T T T T - 20 T T T T T T T
S A S
5 15| | —— M=1 WF=coifl 5 15/ | ——M=1WF=dbl
‘LT_.I - - = M=1 WF=coif3 u:J - - - M=1WF=db3
£ 10} | == M=1 WF=coif5 1 £ 10k | == M=1 WF=db5 1
@ @
g 2
£ 1] e 1
o o
[8) o |-
0 1 ; ; ; 0 ; ; ; ;
50 55 60 65 70 75 80 85 90 50 55 60 65 70 75 80 85 920
Compresion Rate (%) Compresion Rate (%)
. 20 T T T T T T T . 20 T T T T T T T
IS S
S 151 | —— M=1WF=Coifl j S 15k | ——M=1WF=dbl 1
= - - - M=2 WF=Coifl & - - - M=2 WF=db1
£ 10} | == M=3 WF=Caif1 i £ 10k | == M=3 WF=dbl 4
2 a .
IS o P
g 5T g 5 PPt
o ~ s} R e
o e o e m S
0 e e T I I 0 e e I I I I
50 55 60 65 70 75 80 85 90 50 55 60 65 70 75 80 85 90
Compresion Rate (%) Compresion Rate (%)

(e) coif

(f) db & haar(dbl)

Figure 5.13: Comparison of Wavelet Families With Respect to Vanishingnénts
and Compression Levels.

depth is a matter of decision based on the available compugfpower that can be

permitted by the real time processing unit under certaingdiaugntime constraint.
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Figure 5.14: Comparison of Wavelet Families With Respect to Buffer Size

5.6.2 Experiment Set-2

Another set of experiments is made to observe the relatipistween compression
ratio and the size (i.e. length) of buffer used for storing aeconstructing the data
under constant compression depth for wavelet familiestBagonal 2.6, Reverse
Biorthogonal 2.6, Coiflets 5 and Daubechies 5. Once agaonstauction power error
is taken as the major metric to analyze the results whichtarens in Fig. 5.14. In this

experiment set, the buffer length used in the algorithm isvirom 16 to 128 and the

compression rate is kept at 90% for all wavelet families.

The results obtained from this experiment set show that #wenstruction error
decays exponentially as the buffer size is increased. leratlords, increasing buffer
length after a certain point has almost negligible effecttmoverall reconstruction
performance of the signal. On the other hand, just like thepression depth, having

larger buffer means increased computational cost.

Another important result obtained from Fig. 5.14 is the cdesable change of
reconstruction error between wavelet families. For theresweep range of buffer
size, Bior family outperforms the other wavelet bases wlfile worst results are

obtained from Coiflet family. Having considered the sim@&ucture of Bior with
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Figure 5.15: Comparison of Wavelet Families With Respect to CompresRiatio.

respect to other families, one can conclude that it comea®tite best selection for

the entire range of buffer length.

5.6.3 Experiment Set-3

The final set of experiments includes a comparison betweswédvelet families with
respect to power error under constant buffer size and coiristael of compression. For
that purpose, results obtained from families Biorthogdhél Reverse Biorthogonal
2.6, Coliflets 5, and Daubechies 5 are compared and shown .ifb Bif all of which

having buffer size equal to 128 and compression depth bejngl¢o 3.

Based on the results shown in the figure, one can concluderthatms of error
performance, Bior family once again give the best respongewCoiflet family

performs worst. Families Rbior and Daubechies show intdrate responses.
However, here one can also observe that for low ranges of ssion, Rbior family

gives almost the same response with Bior bases.

5.7 Discussion

Having evaluated the results shown in these experimemsini@ortant conclusions
can be summarized. The first result is the negligible efféctamishing moments

on the performance of the system. Since vanishing momentsupdwith further
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computational complexity, for realization of the givenrfrework, it is recommended
to take the vanishing moments with the least complicatiohe $econd remarkable
conclusion that can be observed from the system is impronewieperformance
with increasing compression depth. Based on the resulisgtem of compression
depth at the leveM = 3 seems to be a good solution as compression rates of 85%
can be achieved within the error bounds of 5% with relatiMely computational
requirement. Another result obtained from the experimerdgate that increasing
buffer size contributes on the reconstruction performamea exponentially decaying
manner. On the other hand like the vanishing moments and r@ssipn depth, buffer
size also negatively affects the computational requirdmenh the system. As the
computational requirements increase linearly with insiegbuffer size, one can make
a relatively easier selection. From the given results, éebsize of 64 seems to be a
good selection for bilateral control application. The finegult that can be acquired
from the last experiment set indicates that the reconstruerror remains same for
most of the range of compression ratios. However, incrgakia compression ratio
beyond values of 80%, the power error starts to rise up exp@iky with compression
rate for all families. Having summarized all these resutspeaningful selection of
the system configuration for the proposed WPT based compressheme will be
using the basis family Bior2 with the first vanishing momarg.( Bior2.2) and with

compression depth &fl = 3 and buffer size of 64.

In order to better illustrate the performance of the comgagsalgorithm, the position
responses of the master and slave manipulators are recamndeshown in this section.
For that purpose, the master system is operated under a teneputrolled sinusoidal
position reference and the compressed control currennistgehe slave system over
an artificially generated network delay of varying magnébetween 9% sand 10%ns.
Following the discussion on the results obtained from arpenmts, the WPT based
compression algorithm is tuned to have the configuratiocri®=d at the end of the
previous paragraph. The decompressed control signal isutbed to drive the slave
system based on the time delayed motion control algorithmordler to observe the
performance of the proposed codec scheme in real time dptiteooriginal master

position signal is also transferred through the same amotitelay and plotted
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Figure 5.16: Position Tracking Responses of the Master and Slave Sgstem

together with the actual slave position response undegtte I'ldeal Slave” as shown
in Fig. 5.16 below.

As obvious from the given plots, the proposed WPT based i#lgorperforms
efficiently in compressing and decompressing the high aqy signals being used in
network delayed teleoperation systems. For the sake of letemess, the actual slave
motion data is analyzed in terms of power error with respethé¢ ideal slave motion
data using the power error defined in equation (5.18). Itsturt that the power error
between ideal and actual slave motion 8% meaning that the recovery of original
data is made with an accuracy level above 95%. It should adspointed out here
that this error contains both the error due to the imperdastof estimation in network
delayed control algorithm and the error due to compressidrdacompression in WPT
based algorithm. Hence, the proposed algorithm alone isoagal to perform even

better if all imperfections in the system are cleared out.

In order to show the effect of compression on transpareiey,pbsition and force
responses of the master and slave manipulators are recond&ohg use of the
proposed codec scheme and above-mentioned network dentrBbr that purpose,
the master system is first moved by a human operator and thesponding motion

is recorded. Then, this recorded motion is given as referémenaster system under
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a computer controlled loop and the slave system is homeiposd to have contact
with remote environment. While, in the first scenario naighesition nor force signal
is compressed, in the second scenario both position and sigoals are compressed
and decompressed. The results are shown in Fig. 5.17 belom the given figure,
it is obvious that the effect of the proposed compressioardlgn is negligible on the

overall response of the system.
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Figure 5.17: Wavelet Position and Force Tracking Results under Hard#&bn

5.8 Conclusion

In this chapter, a compression-decompression algorithimgu$Vavelet Packet
Transform is proposed as a novel approach for networkedaaartd teleoperation
systems. The derivation of the proposed codec scheme mMeadl by a detailed
analysis of the factors and parameters affecting the pedoce of the system.
For the convenience of the reader, brief summaries are geedvior the controller
structure and the wavelet families that are used in the gbofehis study. Detailed

experimental results are evaluated in a comparative mameeiseveral conclusions
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are drawn to utilize the algorithm in teleoperation with best possible performance.
Network control systems can benefit from compression agpesadue to the fact that
compression allows for sampling rates that are higher thametwork throughput
by a multiple of the compression ratio. Moreover, this isiaedd with very little
loss in the control input power. The authors have alreadyhasiged the benefits
of this proposed novel compression approach comparativily respect the DCT
and DFT based compression approaches in the literature [#&] [47]. Different
from previous studies, this chapter performs a comprekieraialysis of the novel
compression approach in terms of its parameters and howaffest the system. Our
analysis verified that increasing the buffer length afféleéscompression performance
positively, while also increasing the network delay, asestpd from compression
approaches in general. The analysis performed among etitfevavelet families in
terms of different parameters demonstrated the biorthalgeavelets to have the best
performance. An interesting conclusion was reached wititreer wavelet parameter
known as vanishing moment, which, while increasing computal complexity, was
observed to have little or no effect on the system performanthe compression
depth, on the other hand was noted to improve performancensi@eration of the
above outcomes favors the selection of wavelets with optirbuffer size, maximum
compression depth, and a vanishing moment with minimum d¢exitp. In the
following chapter, we look at the networked control from dnew view, which is called

syncronization.
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6. SYNCRONIZATION IMPROVEMENT USING OPERATOR MOTION
ESTIMATION

While the ultimate goal of the networked control is full siinanization, network delay
between master and slave is a major obstacle for the desréatmance, and network
delays happen randomly. In teleoperation applicationsefe¥ence is often provided
by a human, known as the operator. Due to the nature of themayséem, references
provided by the human operator are of a much lower bandwidtermcompared to
common control reference inputs, and this can sometimesdidgmatic. All of the
above mentioned studies discuss system stabilizationr uredork delay [60], but do
not address the operator delay, which also contributestde¢tay between master and
slave. Meanwhile, the prediction of the input delay (in ttase, created by the human
operator) has the potential to reduce this network latedoyever, to the authors’ best
knowledge, the only study in the literature addressingabiscept is [60], which uses
a Taylor series based analytical approach to handle thidgmmo Taylor series simply
performs the extrapolation of position based on velocitganwhile acceleration
has significant effect on both velocity and position, an@&# the prediction error

negatively.

In this chapter, we propose a method based on Grey PredicidPredictive Input
Delay Compensation, and demonstrate experimentally thersalges of the proposed
method over the one using Taylor Series in predicting theaipes motion. The
Grey prediction not only performs extrapolation, but ualithe Taylor Method fits
a differential equation to the system dynamics. As a regudly prediction is more

effective in considering the transients, hence, the acatsba.
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6.1 Taylor based PIDC as Benchmark System

In this section, we will first discuss the benchmark PIDC apph based on Taylor
Series. Subsystems of the human, such as skeleton, mustieearal systems behave
similar to mass-spring-damper like structures, hencdtrgsa high time constant for
the operator. This also makes it acceptable to assume tharhomation output to be

continuously differentiable in time [60].

By accepting this assumption, future signal values can leeligied using simple

geometric approaches. The prediction formula is

Iim gmi(n-+k) & (kK+1)Gmi (n) — kgmi (N — 1) (6.1)

Hereqgmi (n+ k) denote step further value g (n) denotes current value and finally
Omi(n— 1) denotes previous value. We must mention that, there arevisserror

source which is neglected. One is high order terms and tlendas discretization.

6.2 Grey based PIDC

Grey system theory [61] is developed for systems charaetriby uncertain
information. Grey Prediction is a scientific quantitive gicgion method which is
based on the theoretical treatment of the original data teraene the future output
of the system [62]. Basically, it can be defined as a local etitting extrapolation
method, which requires four data sets only. In Grey Syst&ig,n, m) denotes a grey
model. Heren denotes the order of the difference equation, anid the number of
the variables. The commonly used Grey Model is of @M (1, 1) type. It represents
the first order derivative, and one input variable is usedfediction purposes. The

process of the Grey Prediction can be given as below:

Step 1: Collecting the original data sequence, and usingrgéped coordinategy;

for the master manipulatori¥' joint angle position,

G = { o (1,65 (2),....d ()} ,n> 4 6.2)
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Step 2: Conducting an accumulated generation operatio@,A® the original data

sequence in order to diminish the effect of data uncertainty

A = {0 (1,65 @, ..d7 ()} .n=4 (6.3)
Where
® < O
q\d (k) = _qui (i),k=1,2,...,n (6.4)
1=

Step 3: Establishing the Grey difference equation and th&ulating its background

values;

a9 (k) = —aizl(k) +b 6.5)

71 () =05{d5 () + iy (k—1) | (6.6)

Step 4: Constructing data matrix B and data vector Y;

-z0(2) 1

—zMW(3) 1
B—| 2 3 _ (6.7)

—z® ) 1

T
Yoi = [aly (20,00 (3),-.0 ()] (6.8)
Step 5: Resolving the matrix;

Yni = Bid; (6.9)
4 =BTB 1B Yy = { ‘;j } (6.10)

Step 6: Deriving the solution to the Grey difference equatio

bl .
) (k+1) = [qfﬁi) (1) — —f} e aky

bi
a.l .

- (6.11)
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k1) = |49 (- e 2ka-en 6.12)

Step 7: Conducting the inverse accumulated generatiombpeto obtain a prediction

value
Oy (k+H) = {qfﬁi)(l)—%} e (1 —et) (6.13)
Gri (K) = o' (k+ H) (6.14)

Here we will introduce our proposed networked control systeonfiguration to
explain the requirement and the performance measure ofrddidive Input Delay
Compensator RIDC) algorithms. However first, we will introduce our standard
configuration without th&I DC. In the standard configuration, the operator forces the
master manipulator to a desired posture, which in turn vigilade the slave motion. In
order for the slave to track the master motion in the closessiple way, on the master
side, an Astrom Smith Predictoh$P) generates the control signal for the model plant.
Then the control signal generated on the master side, isridgted to the slave side
passing through a Delay Regulator Send ubiR®,))" through the Internet to Delay
Regulator Receive uniDRRs). On the slave side, a Model Tracking ContrbI TC)
algorithm inputs the received control to an other model pssqsame as the model
plant at master side) and forces the slave manipulator tk tfze trajectory of the
model plant. The angular displacement output of MhEC is fed back to theASP
passing through a Delay Regulator Send ubiR%;) through the Internet to Delay
Regulator Receive unibRRy). [39]

Heretyq1 2,3y denote the joint torques generated by the operaggr; » 3y denote the
joint torques applied to the manipulator after the additdmyy 123 gravitational
compensation termsty(123; denote the torque signals fed BIRSy to be sent to
slave side. Fm{l’z’g} denote the delay regulated torque signals coming through th
Internet from the master to the slaveey; 53, denote the joint torques generated
by MTC, 7141235 denote the joint torques applied to the manipulator after th
addition of gqsr1231 gravitational compensation terms. Finatly; >3 denote the

slave manipulator’s joint angle (actual) positions.

In this study, the Predictive Input Delay CompensatiDC) unit is added to this

configuration between the operator ah®. With this addition, it is now possible to
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predict and compensate the delay caused by the operatah will allow sending the
master side information to the slave side with less delays fidduced delay increases
the synchronization between the master and slave trajestdio reduce nonlinearities
of the master and slave manipulators, namely to increassoti@liance on the master
side and compensate the gravity on the slave side, gravitypeasation block&Cy,
andGC; added, respectively. The overall master-slave architedslgiven in Fig. 6.1.
However the function detail of each block is outside the scofthis study, and will

not be discussed.

6.3 Experimental System and Results

Next, experiments have been performed to conduct a connmarperformance
evaluation for the Taylor based and Grey prediction appgresc The 6-DOF
PUMAS60 Industrial Robot is used for experimentation. Thenipulator is operated

as a 3-DOF system by the operator as can be seen in Fig. 6.2.

The well-known Euler-Lagrange based dynmaic model of th@ipudator has the

following general form:

M(a).6+V(a,9).9+G(q) =T (6.15)

where,

q : nx1 position vector
M(qg) : nxninertia matrix of the manipulator
V(q,q): nx1 vector of Centrifugal and Coriolis

terms
G(q) : nx1 vector of gravity terms
r : nx1 vector of torques

In this study the system will be taken on the considerationaasindependent
joint control system. This approach allows each manipulpiot to be controlled
independently as a SISO system, with the nonlinearities angblings taken as a

disturbance affecting each joint actuator.

For our experimental system, since the human speed is @vabigt low, the main

nonlinearities come from the gravity effeG(q). For that reason, in our experiments
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Figure 6.1: Extended Control Scheme of Networked Control for Grey Rteah.

we apply system gravity compensati(ﬁiq) ~ G(q), to cancel and/or reduce the

gravity effect on the experimental system to a negligiblele
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Figure 6.2: Experimental Setup for Grey Prediction.

The use of an independent joint control system approacipldies the system to be

estimated to a one-degree-of-freedom process.

The results of those experiments are seen in Fig. 6.3. Hegep6RBa and Fig. 6.3b
depict the results for the first joint , Fig. 6.3c and Fig. 6f8d the second joint,
Fig. 6.3e and Fig. Fig. 6.3f for the third joint. The performeca of each joint is
further demonstrated by also highlighting the zoomed wersif the region marked
in red. The figures in the right are zoomed versions for théllghted sections in
the diagrams on the left side. For each figure, the grey lipeesents the operator
motion, which is taken as the reference motion to be predlict&e solid line depicts
the Grey Predictor’s output, and finally dashed line denrates the output of the
benchmark Taylor Series based predictor. In each figuree#sily seen that when the
angular velocity is low, both algorithms demonstrate samperformance. However
when the acceleration increases, the performances shtevetites. Only operation
intervals where there is significant operator motion hawentselected in the zooms of
Fig. 6.3b, Fig. 6.3d and Fig. 6.3f. In all three figures, we the¢ the Grey Prediction
method achieves a faster prediction of &®80n average when compared with the
Taylor based approach. On the other hand, the benchmarkothebmonstrates
a prediction performance that varies betweemd@nd 100ns, and demonstrates a
poor performance in tracking transients as indicated byigle amplitude oscillation

observed in Fig. 6.3d starting at7ns, and in Fig. 6.3d starting at.@ms for the
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benchmark system output. Hence, it can be said that the pedp@rey baseBl DC
demonstrates a faster and more accurate prediction peafmerthen the Taylor based
PIDC.

6.4 Conclusion

In this study, a Grey system theory bad&ldC is developed and implemented for
the prediction of the master manipulator motion in ordergduce the transmission
latency between the master and slave. Our philosophy igitaceethe latency in every
way possible within our capability, considering networkelecy is unavoidable and

random.

Experiments are conducted on a PUMA 560 manipulator whiglsticompensated for
gravitational force to allow easy manipulation for the ager. The operator randomly
manipulates the arm, while both the benchmark and propodeeires predict the
future trajectory of the robot motion created by the operaitie proposed approach
outperforms the Taylor Series based benchmark approaciprdaicting the joint
motions approximately 100s ahead on average, while the benchmark’s predictor
performance varies betweer8gs-100ms. Based on these results, it can be concluded
that Grey Prediction meets our motion prediction requineim&etter then the Taylor
Series based approach, which is currently the only otheatysii the literature to

address input delay compensation.

In the next chapter we will focus on force feedback controld @ropose a novel

method for that purpose.
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7. ADDING FORCE FEEDBACK INTO LOOP

Until this chapter, we have analyzed position control aspedere, we enchance the
architecture proposed in the position control chaptersraale possible to handle
force control issues. Our proposed architecture for fosoeeakly coupled with the
previously defined position control loop. Therefore theigie€an be done seperatly.
In position control loop, the master manipulator have acedsor role and slave
manipulator have acted actuator role. Similiarly, for ®ftoop the slave manipulator
will act sensor role and master manipulator will act actuatbe. Additionally, in
our proposed force control architecture we will use lazelgeasensor for reacting

proactively.

The organization of the chapter is as follows. Section 7.dnagews the proposed
bilateral configuration. Section 7.2, Section 7.3, Secfioh introduces the force
feedback loop main elements called Reactive Force Obs@RFDB), Environment
Parameter Estimator (EPE), and Reactive Force Generat@ ) Respectivly. Section
7.5 analyses proposed novel architecture with experirheasalts. Finally, in 7.6

concluding remarks are presented.

7.1 System Configuration

The general configuration of the master-slave system ceresidin this study is
given in Fig. 7.1. In this master-slave bilateral configimat the human operator
forces the master manipulator and generates a refereneetory on the master side.
This reference trajectory, together with the trajectoryadeoming from the slave
side through Internet is considered by the master controll¢he generation of the
control signal is generated to be sent to the slave side. ©sl#ve side, the control
signal coming from the master side through Internet and theah slave trajectory
data is processed by the slave controller and actual cosigolal is generated.
The information sent from the master side to the slave side nsessage package

containing the tapped control input signal ( the referenzeant value) and a sequence
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ID. On slave side, more specifically, on the received sidehef ¢lave regulator,
this information is processed to get the actual currenttirgognal to be applied as
reference to the slave side. As a result of this processnghé current signal is now

compensated for data losses and the delay is regulated ttstaabvalue.

MASTER SLAVE
MANIPULATOR — MANIPULATOR
HUMAN o
OPERATOR

System
Position

DELAY DELAY
REGULATOR |[—+| |—| REGULATOR
SEND RECEIVE

Torque

SLAVE
CONTROLLER CONTROLLER

Measured
DELAY DELAY Position

REGULATOR [+— REGULATOR ENVIRONMENT
RECEIVE SEND
REACTION REACTION

FORCE .| ForcE
GENERATOR | | ENVIRONMENT OBSERVER

PARAMETER
ESTIMATOR Lazer Ranger
Contact Position

Figure 7.1: Configuration of the bilateral control system with comnuation delays
both in control and feedback paths.
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Figure 7.2: Interaction between object and slave manipulator.

Force control is handled by an open loop. Coupling with nraatel slave side is
supplied by environment parameters; contact point pasivith respect to origin,
damping coefficient, linear and nonlinear stiffness coeffits. In slave side there
exist a lazer range meter to measure contact point posititim nespect to origin
directly. Also there exist a reaction force observer blotkoh extracts reaction force
information from from motor current and position inforn@ati Those contact point
position with respect to origin and reaction force data ace@ssed to in environment
parameter estimation block and the parameters mentiorfectlare generated. Those
parameters are sent to master side to master side thoughdntdt isn’'t necessary
to send them through Delay Regulators because those pamsnsee not varying
frequently. In master side those information and the achaster manipulator position
are fused and force feedback information is created, alpbespto the operator by

using master manipulator.
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7.2 Reaction Force Observer (RFOB)

One of the vital block of force control is reactive force ohv&e. It observes reaction
forces generated by the environment which interacts wighnfianipulator. For that
aim, one can modify the disturbance observer structuretimate the external force

acting on the system. [63]. Mathematically, the reactiandacan be estimated as:

1?envslv = {fslv_ (B(Xslvach)-(slvact))-(slvact + G(X)>} sirg (7-1)
r

fev = KinUmte (7.2)

WhereB denotes viscous friction ard denotes gravity, ang: denotes corner angular
frequency. Assuming that the fluctuations in the nominatia@nd the nominal torque

constant are negligibly small (i.&K,, AM, = 0),

Similar to the disturbance observer, the estimation acguedies on the corner angular

frequencyy;. A depiction of RFOB is given in Figure 7.4.

X

slvact

p N

u g, envsly
mic > K > _>< ’—»
in +
STE,

Figure 7.4: Structure of the Reaction Force Observer.

Keeping the low pass filter gam} high, the force estimation can be made accurately
and fast since the observer uses only the input current dadityemeasurement of the
system. The bandwidth limitations of RFOB related to thect#bn of filter gain is

analyzed in detail in [63].
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7.3 Environment Parameter Estimator (EPE)

In this section, the details related to the least squaresdbasvironment parameter
estimation method will be discussed. The estimator makesafighe estimated
reaction forcefAen\,s|V in RFOB, the contact positior, of remote environment
measured with the laser range sensor and the posiigof the slave manipulator.
The aim of the estimator is, estimating linear stiffnesdfo@ent, K, nonlinear stiffness
coefficient,Ks3, and damping coefficier® of the object in contact. To implement the
algorithm we should first calculate the deflection of the obtge the slave contact point

position with respect to origin.

AXerv = Xcon — Xglvact (7.3)

A).(env - _dead (7-4)

HereAxen denotes the deflection of the object after contact. For eacipke of the real

time control loop, one can write general nonlinear-spriagnger equation as follows;

fervgvi = KAXerv1 + KaAXS, ;1 + BAXenv1 (7.5)
fervsive = KXenv2 + Ka, + BAXenv2 (7.6)
fervavN = KA%ev + KaAC i\ + BAXenyn (7.7)

The matrixAXe Which contains measurable values in the equation () to ()bean

defined as;
DXerva Axgnvl A):(envl
AXeryN A@m AXenv1
With this definition, the equation given in () to () can be eg®nted in the following

simpler form;
fenvslvl K
fevsive | _ x| Ky (7.9)
. B
fen\/sIvN
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Following a least squares based methodology, the envirohparameters can be

estimated using the pseudo inverse of mai;

fenvslvl
3 | = i (Xen). | (7.10)

o X A

fenvsl vN

HereK, K3 andB denote estimated values of linear spring coefficient, mesali spring

coefficient and damping coefficient, respectively.

7.4 Reaction Force Generator (RFG)

Reaction force generation process can be imagined as tieseprocess of the EPE.
This process is triggered when the master manipulator'gippexceeds the contact
point position with respect to origin and outputs zero faéhe operator when there
is no contact. However, when the master manipulator’s poséxceeds contact point
position with respect to origin then the reaction is appliedhe operator by using
general nonlinear spring-damper equation. The processaation force generation

can be mathematically represented with the following equat

f . K_[)?con — Xmatact] + Ks [Xcon — Xmstact]3+ BXmstact  if Xmstact < Xcon
envmst = . _

0 if Xmstact > Xcon

(7.112)

Here x operator denotes the datareceived to master side from the slave through
Internet with a time delay. Here, agal, Ks and B respectively stand for the
linear spring coefficient, nonlinear spring coefficient atanping coefficient of the
object with which the slave manipulator interacts. Wittsthrocess the transparency

condition of the bilateral control system can be satisfied.

7.5 Experimental Results

In this section experimental results will be provided folidation of proposed bilateral
control scheme. For this purpose, an experimental setefydimg two direct drive
motors and a laser range sensor is used. The motors are lingsdrless DC type
from Faulhaber LM series with integrated hall effect seasdFhe position readout

are enabled via the use of Renishaw incremental encoderssofution um. In
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Figure 7.5: Experimental Setup for Bilateral Control.

the experiments artificially generated time delays thatehemnstant and varying
components in both measurement and control channels adebesseen master and

slave sides.

In the experiments, master manipulator is operated by a hwparator arbitrarily.
In slave side there exist an object, which is fixed from one sidd on which slave
manipulator can contact from the other side. Three expetisn@e made for testing
the performances of non-contact, soft-contact and hantiaco cases. The results
obtained from these experiments are given below from Figtd Fig. 7.8. In these
figures, black lines represents master side position oefdata, red lines represents

slave side position or force data.

Results of the first experiment are given in Fig. 7.6. Heredli®just free movement,
no contact. As seen in the force results in Fig. 7.6a there isanse in reaction force
applied to the operator at slave side. Moreover in the mosiesults seen in Fig. 7.6b,
it is easily seen that position tracking is very accuratethin second experiment, a
sponge is used as an object and the results are illustratéd.i7.7. As can also be
observed in the results shown in Fig. 7.7a force trackingteptable while position
tracking is again very accurate as shown in Fig. 7.7b. Indsedxperiment, there is
hard contact with a hard plastic object and results are givéig. 7.8. As shown in
the force results in Fig. 7.8a, force tracking performarsceonsiderably reduced, but

there is no instability. Reason of this performance detation is that; in hard contact
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Figure 7.6: No-contact Force Feedback Results; a) Forces, b) Displents.

case, while the deflections are so small, the effect of thectefh measurement error
can rise even though position tracking is not affected frbis hard contact situation

as shown in Fig. 7.8b.

It is important to point out that, in the applications like dieal operations, interaction
between the manipulator and object can be classified aspleetas overall controller
with secondary importance. Hard contact occurs when thapukator interact with

bones, inthose cases, it is important to transmit the sdrsedcontact to the operator
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Figure 7.7: Soft-contact Force Feedback Results; a) Forces, b) Riepiants.

even though the actual value of the reaction force cannotibereflected. Keeping
in mind that position tracking objective has priority oveetforce tracking in high
precision surgery applications, a system with superidiopgrance in position control
loop with relatively lower performance in the force contisp is more preferable than
a system with better conditioning of force control in exofpawnf deteriorated position

control performance.
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7.6 Conclusions

This study builds on model based networked control approdehe, we enhance that
architecture from position control to bilateral teleopina, again by a model based
perspective. The reaction force, which is applied to theatpe is generated on the
master side by using a nonlinear spring-damper environmedel. This environment
model uses contact point position, damping coefficiengdmand nonlinear spring

coefficients as the parameters to reconstruct the slaversysteraction force. Those
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parameters, except contact point, are estimated on skd@dgileast square estimation

technique. Only the contact point is measured by laser raegsor.

Experiments are conducted on two direct drive linear mdatpu system under
time-varying network delay of between 100 and 3&fihat impacts both measurement
and control loop. Proposed system behaves very accuratesitign tracking and
shows acceptable force tracking performance. This prgpestery important, since
the contact location is more important than the exact valagplied force, especially

in medical operations.

The other advantage of the proposed system is its economibwith usage while
feeding back the force from slave to master side. While inreetyaof bilateral control
systems, bandwith is the key factor determining the peréorce of force tracking,
here the performance of the force tracking is independemh foandwidth. This is
because, the force feedback is supplied by parametersabatlatively steady values.
Moreover, the reaction force applied to the operator is ggad by using master
position. Therefore the reaction force can be generatenrddfie actual slave system
contact occurs since the system estimates the environragarneters prior to contact

after the first interaction with the slave environment.

Accurate position tacking performance, low bandwith usagepro-activity properties

are superiority of the proposed architecture against theratorks in the literature.
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8. CONCLUSIONS AND FUTURE WORKS

8.1 Conclusions

This thesis focuses on solving four major performance nmolsl of networked control
systems. These problems are availability, robustnessgwidth efficiency and

synchronization problems. First of all, an expandable wkition is proposed.
This solution satisfies the basic performance requiren@networked control. The
proposed core system builds on the disturbance observed lzggproach in bilateral
control and contributes to significant improvements in lmathtrol and communication
issues faced with position control aspects of bilateratrbrsystems. To this aim,
two novel master-slave configurations are proposed: onedbas a sliding-mode
observer and model-tracking controller (MTC) , and the obi@sed on Astrom’s Smith
Predictor on the master side. Both configurations benefit fraelay regulator, which
regulates the random network delay into a constant delayh Bonfigurations also
use a MTC designed for the slave side disturbance rejectidrirajectory tracking.

Experiments are conducted on a single-link arm system uval&ble gravitational

effects and a randomly varied network delay of 100-400 ms ithpacts both the
feedback and control loop. While the Astrom’s Smith Premli¢tASP) is a more

capable version of the standard SP against disturbancesngtg from network

and slave uncertainties, the much reduced system undetaivia the proposed
combination of the delay regulator and MTC contribute digantly to the overall

performance. The delay regulator and MTC have also benetitedSMO based
configuration significantly, which has been shown to demateta poor tracking
performance under variable network and slave disturbaimctee authors’ previous
studies, while achieving perfect tracking under no load emalstant network delay.
Hence, both configurations demonstrate a significantly avgx tracking performance
against model-mismatch and randomly varying network d@lathin 100-400ms) and

can handle feedback loop deteriorations arising from thaeid buffer size of the delay

107



regulator. Also, this strucure can reconstruct the stdtdseacontrol system even after
an internet outage. Therefore, the proposed core solui@nnovel solution which
solves availability problems in networking control. Theakeess of the proposed
core system is that it can get unstable when the delay exdbedwaximum delay
constraint in the control signal path. This is a problem nefl\addressed in the
literature. To handle that problem, we offer a novel consighal correction scheme
(CSCS) to support delay regulator, which can also be usetealdlhe effects of
the proposed scheme are analyzed under all possible exsegnarios in terms of
network and disturbance issues. It is shown that CSCS isteieagainst all such
extremities. Delay regulator (DR) gives perfect resultsreif the delay variance is
under assumption. When over-buffer occurs DR is uselessmgumly CSCS is also
useful for steady state case, however it gives small errdrainsient state. Using
CSCS and DR in the same path is the best ever solution. Beeduse delay is
under the assumed limits, the delay regulator works fine hedotoposed scheme
has no contribution to the performance, outside of gemegativo sample delays.
However when the buffer size is exceeded, the proposed schemects the process
trajectory and maintains the stability with very low errarthe transient state. This
is the second problem we have addressed in this thesis, asslif@d it as robustness
problem. The CSCS method is also a novel contribution ofttlesis. For bandwidth
optimization problem, the thesis proposes a compresseoo+dpression system using
Wavelet Packet Tree as a novel approach for bilateral closystems. The method is
also compared with another recently proposed approacluiestDFT. Experimental
results show that the performance of the WPT based compresgstem is better than
DFT, almost for every compression ratio. Networked colgrbkystems can benefit
from compression approaches due to the fact that compreafimvs for sampling
rates that are higher than the network throughput by a melopthe compression
ratio. Moreover, this is achieved with very little loss inetlzontrol input power.
The authors have already emphasized the benefits of thisgedmovel compression
approach comparatively with respect the DCT and DFT basegboession approaches
in the literature [45], [46], [47]. DWT based compressionnatwork controlled
systems is also the contribution of this thesis. For the Isyorgzation problem, a
Grey system theory based PIDC is developed and implemeatetid prediction of

the master manipulator motion in order to reduce the trassion latency between the
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master and slave. Our philosophy is to reduce the latencyaryavay possible within

our capability, considering network latency is unavoigaahd random. Also, it is

shown that Grey Prediction meets our motion prediction irequents better then the
Taylor Series based approach, which is currently the oriigrastudy in the literature
to address input delay compensation. Other than thosei@mutor performance

problems in availability, robustness, bandwidth efficiermnd synchronization, the
thesis has also contributed to the force feedback probletheohetworked control

systems. To this aim, we proposed a novel method which mesasiie contact point
position with respect to origin before contact occurs. Asslt, the reaction force on
the slave side is applied at the correct position. Also, tocé feedback, the whole
force data is not transmitted from slave side to master sidieonly the contact point
position with respect to origin and environment paramet&rerefore the bandwidth
requirement of our system to supply force feedback is lowmantother methods
in the literature. With those properties, our force feedtbapproach is also novel.
Although we propose several solutions to several problentiseonetworked control,

it is not necessary to use all in every networked controlesystThe last contribution
of the proposed achitecture is its modularity. This modalgproach allows for the
implemented topology to be optimized for the equirementshef each networked
system application in consideration. However, there isxacebest solution which
solves all the problems. Each addon has drawbacks such ed edahputational cost,
added delay, and information lost. Here, It can be said thatpropose a set of tools
which can glued to a core solution, so the designer can apgimifor his/her needs.
We show that the proposed new methods have significant aayesiand experimental

results are very promising for future studies.

8.2 Future Works

In the future works, we wish to work on developing some teghas for contactless
estimation of environment parameters. For this purpose, wiNk develop an

electro-pneumatic and acousta-optic measurement ddoiceisvironment estimation.
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