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ADAPTIVE CONTROL OF A SIX DOF ROBOT MANIPULATOR
SUMMARY

Robot manipulators are used in the industry for industrial applications such as pick
and place, painting, packaging, assembly, welding and machining. Performance
improvement of the robots is important for increasing efficiency and accuracy in the
tasks where the robots are used. Control algorithm is a vital part of the robot that effects
the performance of the robot. The performance of the control algorithms based on the
dynamic model of the robot may degrade under uncertainties associated with the
dynamic model of the robot if they are not accounted for. Generally, adaptive or robust
control is used to cope with these uncertainties. Adaptive control includes an online
parameter adaptation mechanism to take these uncertainties into account. Adaptive
control has the advantage of the online performance improvement over robust control.
Therefore, adaptive control is an appealing approach for the control of the robot
manipulators in the presence of disturbances and uncertainties in the dynamic model
of the robot.

In this study an adaptive control algorithm proposed by an earlier study implemented
on a six-DOF robot manipulator. Experiments are accomplished on a Stiaubli RX160
robot manipulator. An integral term is also added to the original control law to reduce
steady-state errors. Performance of the adaptive control algorithm is compared to
performace of the two non-adaptive approaches for varying payloads, namely
computed torque control and passivity-based control.

This thesis consists of five chapters. In the first chapter purpose of the thesis, literature
review and basic information about the industrial robot system used in the experiments
are given. Second chapter mentions basics of kinematic and dynamic modeling of
robot manipulators as well as models for friction and spring effects. Third chapter
gives theoretical background for the control algorithms implemented in the
experiments. Control laws and block diagrams for computed torque control, passivity-
based control and adaptive control are given. Fourth chapter gives the experimental
results of this study. Position errors, velocity errors, torque values and rms position
errors for varying payloads are compared to each other for the three controllers
implemented in the experiments. Finally concluding remarks are given in the fifth
chapter.
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ALTI SERBESTLIK DERECELI BiR ROBOT MANIiPULATORUN
ADAPTIF KONTROLU

OZET

Endiistriyel robot manipiilatorler endiistride tut ve yerlestir, boyama, paketleme,
montaj, kaynak ve malzeme isleme gibi endiistriyel uygulamalarda kullanilir.
Robotlarin performanslarinin iyilestirilmesi, robotlarin kullanildig1 goérevlerdeki
verimi ve dogrulugu artirmak i¢in énemli bir gérevdir. Kontrol algoritmasi robotun
dogruluk, yoriinge izleme hatasi, kontrol eforu gibi performas kriterlerini etkileyen
Oonemli bir parcasidir. Robotun dinamik modelini temel alan kontrol algoritmalarinin
performanst dinamik modeldeki belirsizlikler hesaba katilmadigi takdirde
kotiilesebilir. Bu belirsizliklerle basa ¢cikmak i¢in genellikle uyarlamali ve dayanikli
kontrol kullanilir. Uyarlamali kontrol bu belirsizlikleri hesaba katmak i¢in ger¢ek
zamanlt bir parametre uyarlama mekanizmasi bulundurmaktadir. Uyarlamali
kontroliin dayanikli kontrole gore ger¢ek zamanli performans iyilestirmesi avantaji
bulunmaktadir. Bu ylizden robotun dinamik modelindeki bozucu etkiler ve
belirsizliklerin varliginda uyarlamali kontrol cazip bir yaklagimdir.

Robot manipiilatorlerin uyarlamali kontrolii ile ilgili literatiirde teorik calismalar
bulunmakla birlikte bu c¢aligmalarda genellikle alt1 serbestlik dereceli robot
manipiilator gibi karmasik ve yiiksek derecede nonlineer sistemler iizerinde deneysel
calisma yapilmas: konusunda eksiklik bulunmaktadir. Teorik tasarim, analiz ve
bilgisayar simiilasyonlar1 genellikle siirtiinme etkisi, modellenmemis yliksek frekans
dinamikleri ve 6l¢iim giiriiltiisii gibi kontrol sisteminin kararlilig1 ve performansini
etkileyen etkileri ihmal etmektedir. Bu nedenle teorik analiz ve simiilasyonlarin
sonuglarini dogrulamak i¢in deneysel calismalar gerekmektedir.

Bu calismada daha 6nceki bir ¢calismada onerilen uyarlamali kontrol algoritmasinin
alt1 serbestlik dereceli robot manipiilatére uygulanmasi sunulmaktadir. Ayrica siirekli
hal hatalarin1 azaltmak amaciyla orijinal kontrol kanununa bir integral terimi de
eklenmistir. Uygulanan uyarlamali kontrol algoritmasinin performansini analiz etmek
icin degisken yiiklerde belli bir yoriingeyi izlemesi saglanmistir. Deneyler Stiubli
RX160 robot manipilatorii tizerinde gergeklestirilmistir. Uyarlamali  kontrol
algoritmasinin performansi degisken yiikler i¢in hesaplanmis tork kontrolii ve pasiflik
bazl1 kontrol olmak {izere iki uyarlamali olmayan kontrol yaklasiminin performasiyla
karsilastirilmistir.

Bu tez bes boliimden olusmaktadir. Birinci boliimde tezin amaci, literatiir taramasi ve
deneylerde kullanilan endiistriyel robot sistemi ile ilgili temel bilgiler verilmektedir.

Robotun genel Olgiileri, ¢alisma uzayi, kontrolciisii ve kontrol algoritmalariin
uygulanmasina imkan taniyan yazilim arayiizii ile ilgili temel bilgiler verilmistir.

Ikinci boliim robot manipiilatdrlerin  kinematik ve dinamik modellemesinin
temellerinin yan1 sira siirtinme ve yay etkileri icin kullanilan modellerden
bahsetmektedir.
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Oncelikle konum ve oryantasyonun kartezyen koordinatlarda temsil edilmesine
yonelik temel bilgiler verilmistir. Eksen doniistimleri i¢in kullanilan donme matrisleri
ve oryantasyonun temsil edilmesinde kullanilan Euler agilar1 agiklanmustir.

Robotun ileri kinematik modeli verilen eklem agilar1 i¢in robotun ug islevcisinin
konum ve oryantasyonunu veren modeldir. ileri kinematik modelin elde edilmesinde
kullanilan Denavit-Hartenberg yontemi agiklanmustir. Ters kinematik model ise
verilen robot ug islevcisi konum ve oryantasyonu i¢in gereken eklem agilarini veren
modeldir. Ters kinematik modelin elde edilmesi i¢in kinematik ayristirma
yonteminden bahsedilmistir. Hiz kinematigi eklem acgisal hizlar1 ile robot ug
islevcisinin dogrusal ve agisal hizlar arasindaki iliskiyi vermektedir. Hiz kinematigine
iliskin denklemler verilmistir.

Robotun dinamik modeli robotun hareketi ile iizerine etkiyen kuvvet ve momentlerin
arasindaki baglantiyr gosteren modeldir. Dinamik modelleme i¢in Euler-Lagrange,
Newton-Euler ve degistirilmis Newton-Euler yontemleri anlatilmigtir. Euler-Lagrange
yontemi daha ¢ok kontrol sistemi tasarimi i¢in kullanilirken Newton-Euler yontemi
iteratif yapisi sayesinde daha hizli hesaplama imkani sagladigindan dinamik modelin
simiilasyonlarda veya kontrolciide ger¢ek zamanli olarak hesaplanmasinda kullanilir.

Newton-Euler yontemi hesaplanmis tork kontrolciisiinde dinamik modelin gergek
zamanli olarak hesaplanmasinda kullanilirken pasiflik bazli ve uyarlamali kontrolciide
ikinci bir hiz ifadesinin tanimlanmasindan dolay1 kullanilamamaktadir. Bu nedenle bu
kontrolciilerde degistirilmis Newton-Euler modeli kullanilmaktadir. Degistirilmis
Newton-Euler modeli ayrica uyarlamali kontrolciiniin yapisinda bulunan regresor
matrisinin hesaplanmasinda da kullanilmaktadir.

Ayrica siirtiinme ve yay etkileri i¢in ayni robot iizerinde daha dnce gergeklestirilen bir
calismada baz alinan model ve tanilanan parametre degerleri verilmistir. Siirtlinme i¢in
Coulomb, viskoz ve Striebeck etkilerini modelleyen bir model kullanilirken yay
etkileri i¢in kullanilan robotun karakteristigine uygun olarak nonlineer bir model
kullanilmistir.

Ucgiincii boliim deneylerde uygulanan kontrol algoritmalar1 i¢in teorik altyapiy1
vermektedir. Hesaplanmis tork kontrolii, pasiflik bazli kontrol ve adaptif kontrol i¢in
kontrol kanunlar1 ve blok diyagramlar1 verilmektedir.

Hesaplamali tork kontrolii ve pasiflik bazli kontrolcii i¢in konum ve hiz hatalarinin
sifira yakinsamasinin dinamik modelin tamamuiyla bilindigi varsayimina bagl oldugu,
uyarlamali kontrolcii i¢in bu varsayima gerek olmadan konum ve hiz hatalarinin sifira
yakinsadig belirtilmistir. Uyarlamali kontrolciiniin kontrol kanununa eklenen integral
terimi ile birlikte Lyapunov kararlilik analizi yapilmis ve konum hatasinin sifira
yakinsamasi i¢in pozitif tanimli kosegen kazan¢ matrislerinin yeterli oldugu
gosterilmistir. Pasiflik bazli kontrol ile uyarlamali kontrol algoritmasindaki benzerlige
dikkat ¢ekilmistir. ki kontrolcii yapisi arasindaki temel farkin adaptasyon kanunu ve
eklenen integral terimi oldugu belirtilmistir.

Dérdiincii boliim bu ¢aligmanin deneysel sonuglarini vermektedir. Hesaplamali tork
kontrolii, pasiflik bazli kontrol ve uyarlamali kontrol olmak {izere ii¢ kontrolciiniin
degisken yiikler tagimas1 durumunda yoriinge izleme performanslari karsilastirilmistir.
Degisken yliklerden kaynaklanan dinamik modeldeki belirsizligin uygulanan {i¢
kontrolciiniin performansini nasil etkiledigi irdelenmistir.
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Yoriingeler eklem uzayinda olusturulmustur. Olusturulan yoriingeler se¢ ve yerlestir
uygulamalarini temsil etmektedir. Tasman degisken yiiklerin dinamik modeldeki
belirsizligi temsil edebilmesi sebebiyle se¢ ve yerlestir uygulamalari se¢ilmistir.
Yoriingeler robotun caligma uzayinda rastgele secilen 15 noktanin ardisik olarak
eklem uzayinda besinci mertebeden polinomlarla birlestirilmesiyle olusturulmustur.

Deneyler yiiksiiz durum ve 3 kg, 5 kg, 7 kg ve 9 kg yiikiin tagindig1 durumlar i¢in
tekrarlanmigtir. Degisken yiikler i¢in konum hatalari, hiz hatalari, tork degerleri ve rms
konum hatalar1 deneylerde uygulanan ii¢ kontrolcii i¢in karsilastirilmistir.

Uyarlamal1 ve pasiflik bazli kontrolciiler i¢in konum hatalarinin maksimum degerleri
altinc1 eklem disinda 5 dereceyi asmazken hesaplamali tork kontroliinde bu deger 50
dereceye kadar ¢ikmaktadir. Altinci eklem i¢in ise maksimum konum hatasi degerleri
pasiflik bazli ve hesaplamali tork kontrolciiler i¢in 10 dereceyi bulmakta, uyarlamali
kontrolcii icinse 20 dereceye ulagsmaktadir. Pasiflik bazli kontrolcii ile uyarlamali
kontrol arasindaki temel farkin adaptasyon kazanci oldugu diisiiniiliirse adaptasyon
kazancinin ince ayarlanmasi uyarlamali kontrolclinliin performansini artirmaya
yardimci olabilecegi diisiiniilebilir.

Tork degerlerine bakildiginda ise ii¢ kontrolcii i¢in benzer tork degerleri goriilmekle
birlikte uyarlamali kontrolciide ¢atirt1 etkileri gézlenmektedir. Kontrol kanununa
eklenen integral teriminin siireksiz yapisindan dolay1 bu etkiye sebep oldugu tahmini
yiiriitiilebilir.

Son olarak sonuglara yonelik agiklamalar besinci bolimde verilmektedir. Deneysel
sonuclar konum hatalarinin rms degerlerindeki tasinan yiiklere gére degisiminin altinci
eklem digindaki eklemlerde genellikle uyarlamali kontrolcii i¢in diger kontrolciilere
gore daha az oldugunu gostermistir. Hesaplamali tork kontrolciisiiniin ise yiik
degisimlerinden 6nemli 6l¢giide etkilendigi goriilmektedir.

RMS konum hatalarindaki degisimlerin ortalama degerleri uyarlamali kontrolci i¢in
%43, pasiflik bazli kontrolcii icin %95, hesaplamali tork kontrolciisii i¢in %318 olarak
bulunmustur. Buna gdre uyarlamali kontrolciiniin yiiklerdeki degisime en az duyarh
kontrolcli, hesaplamali tork kontrolciisiiniin ise en duyarli kontrolcii oldugu
goriilmiistiir.

Uyarlamali kontrolcii tarafindan gercek zamanli olarak hesaplanan dinamik
parametrelere bakildiginda ise bu parametrelerin tam olarak gergek degerlerine
yakinsamadig1 sOylenebilir. Adaptasyon kanununun dinamik parametreleri yalnizca
konum ve hiz hatalarina bagh olarak giincelledigi goz oniine alindiginda bu durumun
beklendigi sOylenebilir.
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1. INTRODUCTION

According to the International Federation of Robotics, the definition of the industrial
robot based on ISO 8373:2012 is an “automatically controlled, reprogrammable
multipurpose manipulator, programmable in three or more axes, which can be either
fixed in place or mobile for use in industrial automation applications.” [1]. Industrial
robots are increasingly used in industrial applications such as pick and place, painting,
packaging, assembly, welding, and machining. As stated in [2], there are
approximately 3 million industrial robot units in operation in 2021. The number of

annual installations of industrial robot units are given in Figure 1.1.

Annual installations of industrial robots
("000 of units)
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Figure 1.1 : Annual installations of industrial robot units [2].

Industrial robots are used for increasing productivity, efficiency and quality of
products. Therefore improving the performance of the robots is desired for increasing
efficiency. Since control algorithms implemented by the software of the robot are the
key components for improving performance parameters such as accuracy, trajectory
tracking error and control effort; design of different control algorithms for improving

the performance of the robot manipulators is a topic of interest for researchers.



In the rest of this chapter, purpose of thesis is given followed by a literature review
about the related topic and information about industrial robot system used in this study.

1.1 Purpose of Thesis

Dynamical models of serial robot manipulators are generally highly nonlinear and
coupled. There are also uncertainties in the dynamic model of the robot. These
uncertainties usually stem from effects such as uncertainties in the dynamic parameters
of the robot, carrying an unknown load, and unknown forces acting on the robot.
Therefore the performance of the control algorithms based on the dynamic model of
the robot may degrade under these uncertainties when they are not accounted for. Two
main approaches to take these uncertainties into account are adaptive and robust
control. Adaptive control has the advantage of the online improvement of performance
over robust control. In this thesis, an adaptive control algorithm proposed by Slotine
and Li (1987) is implemented to improve the performance of the robot. The
performance of the adaptive control algorithm is compared to the computed torque

control algorithm and passivity-based control algorithm.

1.2 Literature Review

Presence of nonlinearities and uncertainties in the dynamic model of the robots makes
adaptive control an attractive approach for the control of robots. Adaptive control can
be categorized into three categories as model reference adaptive control, self-tuning,
and gain scheduled control [3]. Several studies on adaptive control of robot
manipulators are listed in [3] and [4]. One of the early studies done in this research
area is (Dubowski and DesForges, 1979). Authors applied adaptive control by
modifying the position and velocity gains by an adaptive update rule [5]. Tomizuka
and Horowitz (1983) proposed an adaptive control algorithm that includes the dynamic
model of the robot in the control law to compensate for nonlinearities and updates the
dynamic model of the robot by an adaptive update rule in [6]. In [7] computed torque
method is employed with an adaptation algorithm. This adaptation algorithm that
updates the dynamic parameters of the robot requires the computation of the regressor
matrix and inverse of the mass matrix. Slotine and Li (1987) proposed an adaptive
control algorithm that consists of a feedforward part where the dynamic model of the
robot is used and a feedback part which is essentially a PD control term in [8]. Dynamic



parameters of the robot are updated with an adaptation rule that eliminates the need
for the inverse of the mass matrix but requires the computation of the regressor matrix
of the robot. However, computation of the regressor matrix gets more complex as the

degrees of freedom of the robot increases.

1.3 Industrial Robot System

Industrial robot system used in the experiments consists of Stdubli RX160 industrial
robot manipulator, CS8C controller, manual control pendant and Low Level Robot
Control Interface(LL1I).

Stdubli RX160 industrial robot manipulator is a 6 DOF robot manipulator with 6
revolute joints. Structure of the manipulator is articulated arm with a spherical wrist

as shown in Figure 1.2.

N

Figure 1.2 : Staubli RX160 industrial robot manipulator [9].

RX160 robot manipulator weighs 248 kg and nominal and maximum payload capacity

of the robot is 20 kg and 34 kg respectively [9].
Dimensions of the RX160 robot manipulator is given in Figure 1.3.

Workspace of the RX160 robot manipulator is given in Figure 1.4 and technical details
about range, speed and angular resolution of the joints of the robot are given in Table
1.1.
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Figure 1.3 : Dimensions of Staubli RX160 industrial robot manipulator [9].

Joints of the robot are actuated with brushless DC motors. Brushless motors move the
joints through a transmission mechanism that consists of cycloidal transmission and

helical gears with pre-stressed ball-bearings for the first four joints.

ral\Wd

Figure 1.4 : Workspace of RX160 industrial robot manipulator [9].



Table 1.1 : Amplitude, speed and resolution of joints of RX160.

AXis 1 2 3 4 5 6
Amplitude (°) 320 275 300 540 225 540
Range (°) +160 =+137.5 +£150 +270 +120,-105 <270
Nominal Speed (°/s) 165 150 190 295 260 440

Maximum Speed (°/s) 200 200 255 315 390 870

Angu'?(f if_i;"“t'on 0042 0042 0054 0062 012 017

Joints 5 and 6 consists of a differential coupling mechanism. RX160 is equipped with
resolvers to provide angular position and velocity feedback and proprioceptive sensors

to provide torque feedback.

Controller of the robot is Stdubli CS8C controller which is part of the CS8 controller
series. CS8C controller consists of a processor, digital power amplifiers, servo drivers
and digital I/O interfaces. CS8C controller uses a PENTIUM® arithmetic unit as the
processor and VxWorks® real-time operating system as the operating system. CS8C
controller is shown in Figure 1.5 and general architecture of the controller is given in

Figure 1.6.

Figure 1.5 : CS8C Controller [9].
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Figure 1.6 : General architecture of CS8 controller [10].

Manual control pendant (MCP) is also available for the robot used for controlling the

movements of the robot with provided buttons by hand. MCP is shown in Figure 1.7.

Figure 1.7 : Manual Control Pendant [9].

Tasks such as implementation of the designed control algorithm, data acqusition from
the sensors of the robot and use of external sensors are handled through software
interface of the robot. LLI is the robot control interface provided by the manufacturer
to handle these tasks. C/C++ is used as the programming language in the LLI.



Structure of the control system of a joint is shown in Figure 1.8. There are two control

modes for the robot as default defined as ‘Position-Velocity’ mode and ‘Torque’ mode.

In Position-Velocity mode only position and velocity references are given and
embedded control law in the controller computes the required torque value while the
control law that computes the required feedforward torque is implemented by the user
in the torque mode.
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Figure 1.8 : Structure of the joint control system[10].

Microsoft® Visual Studio® IDE is used to edit the code used in the robot. MATLAB®
is used for analysis and design of the control system.

Rest of the thesis is organized as follows. In the second chapter kinematic and dynamic
modeling of robot manipulators are introduced. Theoretical background on computed
torque control, passivity-based control and adaptive control are given in the third
chapter. Experimental results and conclusions are given in fourth and fifth chapter
respectively.






2. MATHEMATICAL MODELING

In this chapter firstly, kinematic modeling of the robot manipulators is explained. Then
different algorithms used in dynamic modeling of the robot are introduced. Finally

complete dynamic model of the robot is given.

2.1 Kinematic Modeling

Kinematic modeling is used for describing the motion of the robot. Torques or forces
exerted on the robot are not taken into account in kinematic modeling. Firstly, basic
information about position and orientation representation is given. Secondly, forward
kinematics which gives the end effector position and orientation as a function of joint
values is explained. Then inverse kinematics that determines the required joint angles
for given end effector position and orientation is explained. Finally velocity kinematics
that describes the relationship between joint variables and linear and angular velocities

of the end effector is introduced.

2.1.1 Representation of position and orientation

End effector position of the robot is expressed with respect to a coordinate frame as
shown in Figure 2.1. Position of the end effector can be represented using Cartesian,
Cylindirical and Spherical coordinates. Generally, Cartesian coordinates are used for
defining robot tasks and written as follows:

Px
Dy
Pz

p= (2.1)

Orientatiton of the end effector can be represented in different forms. One way of
representing the orientation is rotation matrix. A rotated coordinate frame is shown in
Figure 2.2. Rotation matrix maps a vector expressed in the rotated frame into Frame
0.
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Figure 2.1 : Representation of Position in Cartesian Coordinates.
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Figure 2.2 : Coordinates of a vector w.r.t. Two Coordinate Frames.

%p =R 'p (2.2)

The rotation matrix R? in equation 2.2 can be found by writing Pxq Py Pz, D terms
of Py, Py Pzy- Any arbitrary rotation can be written as a combination of elementary
rotation matrices given in equation 2.3.

Another way of representing orientation is Euler angles. Euler angles parameterize the
rotations with 3 independent parameters. Considering the rotated frame shown in

Figure 2.3 orientation of the rotated frame can be parameterized by three successive

rotations about X,Y" and Z" axes respectively.
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[1 0 0
R,(0) =10 cosf —sinb

|0 sinf cos@ |
[ cosf@ 0 sing]

R,)=| 0 1 0 (2.3)

|—sinf 0 cos@l
[cos@ —sinf O]

R,(6) =|sin@ cos® O
L 0 0 11

Euler angles ¢,0 and y represents the orientation of the frame and since rotations occur
in X,Y",Z" order it is called XYZ Euler angles. There are other Euler angle sets such

as ZYZ, ZXZ, ZY X named according to order of rotation.

Figure 2.3 : Euler Angles.

Corresponding rotation matrix for the given Euler angles is given in equation 2.5 as
Ryyz = Rx(¢)Ry(9)Rz(¢) (2.4)

c(0) c(¥) —c(8)s(¥) s(6)
Ryyz = |c(@) s(@) +s(@)s(@)c@)  c(0) c(®) —s(P)s(@)s(@) —c(8)s(¢)|(2.5)
s(0) s(¥) — c(@)s(0)c(@) s(@)c(¥) +c(P)s(B)s(®)  c(6) c(¢)

where c¢(.) and s(.) are cos(.) and sin(.).
If the rotation matrix is known then Euler angles can be determined as follows:
%p= A +R)'p (2.7)

If there is a long sequence of rotations and translations equation 2.7 becomes complex.
The homogeneous transformation matrix represents this motion in a more compact
way as in equation 2.8. Equation 2.7 is rewritten with the homogeneous transformation

matrix as in equation 2.9.

0 0
70 — [Rl d] 28
1 0 1 (2.8)
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0 1
P] =T°[ T’] 2.9
[1 11 (29)
2.1.2 Forward kinematics

Forward kinematic model of the robot gives the end effector position and orientation
as output for given joint variables. Forward kinematic model of the robot is found by
attaching coordinate frames to each link and using homogeneous transformation
matrices to represent the position and orientation of the frames moving with the links.
Denavit-Hartenberg convention is used to obtain the forward kinematic model which
is widely used in robotics. Denavit-Hartenberg convention can be explained as

follows:

e z; axis is placed as the axis of revolution of joint i+1.

e x; axis is placed in the direction of any common normal between z;_; and z; if
they are coplanar or parallel. If z;_; and z; intersects each other then x; axis is
placed in the direction that is normal to the plane formed by z;_; and z; axes.

e y; axis is placed so that right hand rule is satisfied.

e After frame assignment, 4 parameters are defined to specify the homogeneous
transformation matrix T/~ ': a;, a;, d;,6;. a; is the length of the common
normal line, «; is the angle between z;_; and z; about x;_;, d; is the distance
between x;_; and x; along z;_, and 6; is the angle between x;_; and x; about
z;_,. A table of the DH parameters is prepared for the robot.

e Homogeneous transformation matrices are computed with the DH parameters
as follows:

. Tii_l = Trans(z;_41,d;)Rot(z;_4,0;)Trans(x;_4, a;)Rot(x;_1, a;).
Forward kinematic model of the robot is obtained by multiplying the
homogeneous transformation matrices.

Coordinate frames assigned to RX160 robot are shown in Figure 2.4.

DH table for the RX160 robot is given in Table 2.1.
DH parameters shown in the DH table are used to compute homogeneous
transformation matrices. Then forward kinematic model of the robot is computed as in

equation 2.10.

12
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Figure 2.4 : Coordinate Frame Assignment to RX160 Robot.

Table 2.1 : DH Table of RX160.
d[m] O[rad] a[m] afrad]

|

1 0.55 01 015 —m/2
2 0 g, —m/2 0825 0

3 0 qz +m/2 0 /2
4 0625 4 0 -m/2
5 0 qs 0 /2
6 0.11 e 0 0

T = TPTATZTRTETS (2.10)

First three element of the fourth column of the T represents the position of the end

effector and upper left 3x3 part of the T represents the orientation of the end effector.
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2.1.3 Inverse kinematics

Inverse kinematic model of the robot gives possible values of joint variables as
output for given end effector position and orientation. Finding an analytical solution
to inverse kinematic problem gets more complex as the degrees of freedom of the
robot increases since it generally involves solving a set of nonlinear equations. One
approach to solve the inverse kinematic problem for a 6 DOF serial robot
manipulator with a spherical joint at the end effector is kinematic decoupling. In this
method, inverse kinematic problem is solved by treating the end effector position and
orientation independently from each other. Firstly; since rotation of last three joints
doesn’t effect the position of the intersection of the last three axes which is called as
wrist center, first three joint angles are found from the desired position of the wrist
center. Then, last three joint angles are found from the desired orientation of the

wrist.

2.1.4 Velocity kinematics

Velocity kinematics describes how joint velocities and end effector velocities are
related to each other. Forward velocity kinematics gives the function that outputs
linear and angular velocities of the end effector for given joint velocities. This
relationship is given by jacobian matrix as shown in equation 2.11.

i =["]= "D =@ 2.11)
w r(q)

Details on calculating the jacobian matrix are given in [11].

Inverse velocity kinematics outputs the joint velocities for given position and

orientation of the end effector as shown in equation 2.12.
q =] (@) (2.12)
2.2 Dynamic Modeling

Dynamic modeling gives a mathematical description for the robot motion by taking
forces and torques into account. There are two widely used methods used for deriving
the dynamic model of the robot manipulators: Euler — Lagrange equations and Newton
— Euler formulation. While Euler — Lagrange equations are generally used in design of

control algorithms, Newton — Euler formulation is generally used for numerical

14



calculations in the real time implementation of the control algorithm and simulation.
There is also a modified version of the Newton — Euler method developed for
implementation of passivity-based control algorithms which can’t be implemented
with the standard Newton - Euler formulation. This method is discussed in detail in
[12]. There are other dynamic effects such as friction and gravity counter-balance
spring. Euler — Lagrange method, Newton — Euler method and other dynamic effects

are explained in the rest of the chapter.

2.2.1 Euler — Lagrange method

Euler — Lagrange equations that gives the equation of motion for the n degrees of
freedom mechanical systems are given as equation 2.13 where Lagrangian L = K — P

is defined as difference between Kkinetic and potential energy of the system.

d (0L oL

E(a_qk)_a_qkzrk' k:l,...,n (213)

General form of the equation of the motion for the robot manipulators are given as
equation 2.14 where M(q) is defined as inertia matrix, C(q, ¢) is the centrifugal —

coriolis matrix and g(q) is the gravity vector.

M(@)g+C(q,q)q+g(q@ =t (2.14)

Details on derivation of the equations and computation of the matrices are given in
[11]. Here the computation of the matrices are given as equation 2.15, 2.16 and 2.17

where m; and I; are the mass and inertia tensor of each link, respectively.

T
M(q) = Xz, (mi]TiT]Ti +]RiTR?IiR? Ri) (2.15)
oMy ; 10M;j. . ,
Crj = Ziy( aq’?_zﬁ,:)qi , k=1,..,n,j=1,..,n (2.16)
P
Ik = a—qk , k= 1, e, n (217)

2.1.2 Newton - Euler Method

In Newton — Euler method equations of motion for each link of the robot written

indivudually. Which results in recursive equations to calculate forces and torques that
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produces given trajectory q(t). Detailed derivation of the equations are given in [11].

Pseudocode for the recursive Newton — Euler algorithm is given as follows:

fori=1,..,n

w” = 0 + Gz (2.18)

0 = & + g x 7 + Gz, (2.19)

ul(o) u(o) +a)(0) X Tioq +a)(0) X a)(o) X Ti_1i (2.20)
fori=mn,..,1

fi(o) jj(fl) l,ul( ) ¢+ mid)i( ) % Tici +M; a)(o) i(o) X 1 ci (2.21)

l(O) 53)1 + Tiiv1 X fl(o) l,ul(o) X Tyei + 1 a)(o) + a)(o) (1 w(o)) (2.22)

@ = 7T ©® (2.23)

L [ )

Where initial conditions are given as o> = &{” = u® = £ =% = 0,,,

;-1 1S the distance between coordinate frames i-1 and i and r;; is the distance

between coordinate frame and center of mass of link i. Superscript .(%) indicates that

the vector is expressed in the base frame.

Pseudocode for the modified Newton — Euler algorithm presented in [12] is given as
follows:
fori=1,..,n

w” = 0 + 4z (2.24)

0, = 0,0 + 4,2 (2.25)

o = 6% + G, Y X z; + by 2, (2.26)

ul(o) = ul(o)l + wl( )1 X T+ wff)l X wrgg)l X Ti_1i (2.27)

fori=mn,..,1
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(0) 0)

0 0
£ = £+ mip® + mio® x 1 + mol® x w,

+1

X Vici (228)

1(0) 53)1 + 141 X fl + mlul( ) x Tici +1; a)(o) + a)rg ) (I a)(o)) (2.29)

TL-(O) =z n(o) (2.30)

2.1.3 Friction and Spring Model

Friction and gravity counter-balance spring models are used in the dynamic model to
compansate the torques caused by friction and spring effects. There are several models
in the literature that can be used to model friction and spring effects for robot
manipulators. A friction and spring model is identified on the robot used in the
experiments of this study in [13]. Friction model identified in [13] is a nonlinear
friction model that includes coulomb, viscous and Striebeck effects. Friction models
for joint 5 and 6 are different than other joints due to coupling mechanism between
these joints. Structure of the joints are given in Figure 2.5. Spring model is also a
nonlinear model that accounts for the torques caused by gravity counter-balance

springs in the second joint. Identifed friction model in [13] is given as follows.

(a,BL) 4 5" ) .1-67
T, =T, exp _(ﬁ> +¢; g, (2.31)
.\ _s®)
T = B exp <— (%) ) + céwc']; % (2.32)
5
, !
Ty, = téa BL) exep (— (%) )+ ‘L'(v ) (1 - exp( (D)) (2.33)

8(“)

)
7 = W= (1) 1)+ (2:34)
Tfs = Tfa + ch (235)
Tf6 = be + ch (236)
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Where ¢, = g5 + 4. Friction model parameters identified in [13] are given in Table
2.2 and Table 2.3.

Cycloid

Transmission \ Bearings

-+ Bevel Gear \

Worm Gear

Helical Gear/

Pair -

(a) Axis assembly, joints 1-4 (b) Wrist assembly, joints 5-6

Figure 2.5 : Joint Structures of RX160 Robot Manipulator. [13]

Table 2.2: Friction Model Parameters Identified in [13] for Positive Direction.

Model g(@BL) () 5@ cW sW @D q®

1 35 0.26 0.8 150 0.24 - -
70 0.078 0.28 132 0.352 - -
15 0.09 0.35 68 0.48 - =

6.36 0.06 0.57 20.738 0.56 - -

5.016  0.06 057 2453 041 - -
0.5 1.6 0.6 - - 1.16 2

0.48 0.04 0.1 9.04 0.25 - -

O T 29 ~AWN

Structure of the gravity counter-balance spring system on the second link of the robot

is shown in Figure 2.6. Spring model is given as follows:

Letr =0.08m, L =0.728 mand |AC| =r + L. Then
Ts,(q2) = (k(IBC| — L) + FB.)|AC|sin (b) (2.37)

Table 2.3: Friction Model Parameters Identified in [13] for Negative Direction.
Model 7(a.BL) q(S) 5@ c® sW @D q(l)

1 -36.95 0.26 0.4 -140 0.24 - -
2 -85.95 0.3 021 -1185 0.28 - -
3 -36 0.9 0.465  -58 0.3 - -
4 -6.41 0.72 0.5 -17.5 0.46 - -
a -4.1 0.072 0.34 -22 0.3 - -
b -0.52 0.4 0.8 - - -0.94 0.8
Cc -1.61 0.5 0.04 -18.4 0.38 - -
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Structure of the gravity counter-balance spring system on the second link of the robot
Is shown in Figure 2.6. Spring model is given as follows:

Letr =0.08m, L =0.728 mand |AC| =r + L. Then
Ts,(q2) = (k(IBC| — L) + B,)|AC|sin (b) (2.37)

Identified values of the spring model parameters are givenin [13] as k = 23950 N /m,
P. = 5314 N and a, = —0.8458 deg.

Figure 2.6 : Gravity Counter-Balance Spring System.

Hence complete dynamic model of the system is given as follows.

M(q)g+C(q,q)q+ g(q@) +1,(q) +15(q) = T (2.38)

19






3. MOTION CONTROL

The objective of motion control in robotics can be defined as the design of a control law that
assures the tracking of the desired trajectory. Generation of the desired trajectory depends on
the task executed by the robot. Trajectories used in this study are explained in this chapter.
There are several approaches to control of robot manipulators in the literature. Later, two non-
adaptive controllers and an adaptive controller used in this study are explained. Non-adaptive
approaches are well-known computed torque controller and passivity-based controller
presented in [14]. Controllers implemented in this study are in joint space. Which means

trajectory tracking is accomplished for joint variables.

3.1 Trajectory Planning

Trajectory planning is required for the execution of a specific task by the robot. A trajectory is
a time sequence of points in the joint space or task space. The desired trajectory is generated as
a sequence of points so that the robot executes the specified task. Details on trajectory planning
methods are given in [11]. Quintic polynomial trajectories and trajectories with trapezoidal

velocity profile are the trajectories used in this study.

3.2 Computed Torque Control

Computed torque control is essentially a nonlinear control technique called feedback
linearization designed for the control of robot manipulators. The basic idea of the computed
torque control is constructing a control law that linearizes the system by canceling out the
nonlinearities. Let § = g — g4. Then control law for the computed torque control is given as in

equation 3.1. The structure of the computed torque control is shown in Figure 3.1.

t=M(Gy — Kp§ —Kpd) + Cq + g + 1 + 75 (3.1)
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Figure 3.1 : Block Diagram of the Computed Torque Control.

Assumption of exact cancellation of nonlinearities allows one to write the following error

equation.
Gg+KpG+Kpg=0 (3.2)

Which means position error of the system converges to zero for positive definite diagonal Kp

and K matrices.

3.3 Passivity-based Control

In this section, a controller based on the skew symmetry and passivity properties of the dynamic
model of the robot is considered. Details on skew symmetry and passivity properties and the
passivity-based controller discussed here are given in [11]. Block diagram of the passivity-
based controller is given in Figure 3.2.

Consider the following control law
T=MgG,+Cq+9g+71+7,— Kps (3.3)

where ¢, = g, — A and s = ¢ — ¢, = § + Ag. Dynamic parameters of the robot are assumed

to be known and constant.

Following Lyapunov function candidate is considered for stability analysis.

V(t) = s"Ms + §" AKpg (3.4)
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N ~ —p _KDS \A /
Gr = Ga — Aq |
. ‘ —Tb Robot 46[,’61
s=q4—-4q,

4 Mi, +Cq, +G=Yp

Figure 3.2 : Block Diagram of the Passivity-based Control.

Derivative of V(t) with respect to time is given as follows.
V(t) = sT(MG — Méd,) +5sTMs + 247 AKp§ (3.5)

Equation 3.5 can be rearranged by using equation 2.38 and skew symmetry property of M — 2C

as shown in equation 3.6.
V() =sT(t—Yp — 15 — 15) + 247 AKp§ (3.6)
Equation 3.6 can be rearranged by substituting the control law in equation 3.3 as follows.
V(t) = —sTKps + 2§TAKpG = —G"KpG — GTATKp A (3.7)

Then position and velocity errors converge to zero for positive definite diagonal K, and A

matrices that results in negative semi-definite V (t).

3.4 Adaptive Control

Controllers presented in the previous sections do not take uncertainties in the dynamic model

of the robot into account. In this section, adaptive control algorithm proposed in [8] is explained.
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This adaptive controller takes uncertainties in the dynamic parameters of the robot into account
by updating the dynamic parameters with an online adaptation mechanism. Estimated dynamic
model of the robot can be written shown in equation 3.8 by using the linearity in the parameters

property of the dynamic model.
Mg, +Cqr + § =Y(q,9,4r, Gr)D (3.8)
Control and adaptation laws proposed in [8] are given as follows.
T=Mj, +Cq, + 9 — Kps (3.9)
p=-TY"s (3.10)

However, this control law neglects the torques caused by friction and spring effects. Therefore,
aforementioned friction and spring models identified in [13] are added to the control law. An

integral term is also added to the control law to reduce the steady state errors.

Let Sy, = diag(sgn(s® [ Gdt)) where © denotes element-wise multiplication. Then

modified control law is given as
T=Yp+ 4+t — Kps — K;Ssq [ Gdt. (3.11)

Block diagram of the adaptive control algorithm with the modified control law is given in
Figure 3.3.

Following Lyapunov function candidate is considered for stability analysis.
V() =>s"Ms+-p" I (3.12)
Derivative of V(t) with respect to time is given as follows.
V(t) =sT(M§ — Mé,) +5s"Ms + pTT 15 (3.13)

Equation 3.13 can be rearranged by using equation 2.38 and skew symmetry property of M —

2C as shown in equation 3.14.

Vi) =sT(t=Yp—1,—15) + TP (3.14)
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Equation 3.14 can be rearranged by substituting control and adaptation laws in equation 3.11
and equation 3.10 as follows.

V(t) = —sTKps — sTK; S, [ Gdt (3.15)

In equation 3.15 errors on friction and spring models are neglected. Equation 3.15 shows that
positive definite diagonal K, and K, matrices results in negative semi-definite V(t) which
guarantees the convergence of s to zero. As stated in [15], convergence of s to zero also means

that g and § converges to zero.

—» _KlSsqjth Tr(q)
da-9a-9a | G, = Gy — AG 75(q) [+
[E— . —f —KDS \A f
Gr = Gq — Aq —T—P Robot 77‘?

S:q_QT

Y ~ AL A A
/ Mg.+Cq,.+G=Yp

(MNEA)

p=-TYTs —T T

Figure 3.3 : Block Diagram of the Adaptive Control.

Since computation of dynamic model in control law includes two velocity terms as g and g, it
can’t be computed with standard Newton-Euler algorithm [16]. Therefore, aforementioned
modified Newton-Euler algorithm [12] is used to compute the dynamic model in the control
law. As seen from Figure 3.2 and 3.3, differences between adaptive control algorithm explained
here and passivity-based control algorithm are online parameter adaptation mechanism and
integral term. Which indicates that adaptive control algorithm explained here essentially has
the same structure as passivity-based control algorithm for zero adaptation and integral gains.
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4, EXPERIMENTAL RESULTS

In this chapter, experimental results obtained by using Stdubli RX160 robot
manipulator are presented. Trajectory tracking performances of the aforementioned
adaptive, passivity — based and computed torque controllers are compared to each
other for varying payloads. Validation trajectories in the experiments are generated so
that they are representative of pick and place applications. Pick and place applications
are chosen since varying payloads carried in the pick and place applications have the
ability to represent uncertainties in the dynamic model of the robot. In [17], validation
trajectories that are representative of pick and place applications are generated so that
the end effector of the robot moves between 20 randomly chosen points in the
workspace of the robot. Similarly, validation trajectories in this study are chosen so
that robot moves between 16 randomly chosen points in the workspace of the robot
with different distance and speed values between the points. Quintic trajectory is used
between the points. Configurations of the points in the joint space, distance, and
maximum speed values between the points during the trajectories are given in Table
4.1. Validation trajectories are shown in Figure 4.2. The path followed by the robot in
task space is shown in Figure 4.3. End effector velocities are shown in Figure 4.4.
Experiments run for the validation trajectories shown in Figure 4.2 for no payload and
payloads of 3, 5, 7 and 9 kg. Payloads used in the experiments are shown in Figure
4.1.

Figure 4.1 : Payload of 3 kg.

Additional masses are added to the end of the payload.
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Table 4.1: Waypoints used in the Validation Trajectories.

Dist. btw.  Max. Config. q1(°) q2(°) q3(®) q4(®) qs5(°) qe(®)
Pts.(m)  Speed

1 90 0 90 0 90 90
%10 2 110 0 56 55 34 48

0.5 %20 3 93 -37 95 24 72 0
%30 4 87 -11 40 -15 44 -30
%30 5 -119 -11 60 -30 15 15
0.75 %10 6 44 -43 119 0 35 49
%20 7 11 -52 86 27 54 10
%20 8 0 7 74 45 30 -20
1.0 %30 9 -90 -11 109 15 60 -35
%10 10 -41 23 85 0 75 -45

%10 11 65 -40 115 32 43 0
1.25 %20 12 136 45 65 -18 100 30
%30 13 75 12 78 -34 74 -30

%30 14 38 49 -110 41 23 56

1.5 %10 15 34 -57 -43 100 60 0
%20 16 -51 -17 -79 62 53 -34

Maximum speed shows the percentage of maximum joint speed during the trajectories
between two consecutive points with respect to the limits of the joint speeds. Distance
between points shows the distance between two consecutive points in the robot

workspace.
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Figure 4.2 : Validation Trajectories.
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Figure 4.3 : Path Followed by the Robot end-effector.
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Figure 4.4 : End-effector Velocities.
4.1 Comparison of Controller Performances

In this section firstly, position errors and velocity errors during trajectory tracking for
adaptive and passivity-based controllers are compared to each other. Then, same
comparisons are presented for adaptive and computed torque controllers. Torque
values are compared to each other for all controllers. Experiments are repeated for
varying payload weights. Finally, rms values of position errors and percent change in
rms position errors with respect to the rms position errors of the experiments with no

payload are presented for all controllers.

29



Controller gain matrices used in the controllers are diagonal matrices. Diagonal
elements of the controller gain matrices used in the experiments are given in Tables
4.2 and 4.3. Controller gains are tuned by trial and error. Position errors during
trajectory tracking for no payload and payload of 3 kg, 5 kg, 7 kg and 9 kg for adaptive
and passivity-based controllers are shown in Figures 4.5, 4.6, 4.7, 4.8 and 4.9
respectively. These figures show that maximum position errors for both adaptive and
passivity-based controllers in joints 1 and 2 do not exceed 2 degrees, and in joints 3, 4
and 5 do not exceed 5 degrees. In joint 6, while the position error of the passivity-
based controller does not exceed 10 degrees, maximum position error of the adaptive
controller reaches to 20 degrees.
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Figure 4.5 : Position Errors for No Payload(Adaptive-PB).
Table 4.2: Adaptive and Passivity-based Controller Gains.
Gains/
Contr. 4 Kp K; r
Adantive 5-5-10-8-  500-1200-150-100- 500-5000-500- 0.1
P 18-2 30-20 100-100-100
PB 5-5-10-8-  500-1200-150-100- 0-0-0-0-0-0 -
18-2 30-20
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Figure 4.6 : Position Errors for Payload of 3 kg(Adaptive-PB).
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Figure 4.7 : Position Errors for Payload of 5 kg(Adaptive-PB).
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Figure 4.8 : Position Errors for Payload of 7 kg(Adaptive-PB).
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Figure 4.9 : Position Errors for Payload of 9 kg(Adaptive-PB).
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Position errors during trajectory tracking for no payload and payload of 3 kg, 5 kg, 7
kg and 9 kg for adaptive and computed torque controllers are shown in Figure 4.10,
411, 4.12, 4.13 and 4.14 respectively. These figures show that while maximum
position errors for computed torque controller in joints 1 and 2 do not exceed 5 degrees,
it reaches to 50 degrees in joint 5. Similarly, maximum position error of computed
torque controller takes values as high as 40 degrees in joint 3 and 20 degrees in joints
4 and 6. It is seen that while position error of computed torque controller increases
significantly with increasing payload weight, increase in position error with varying

payload weight is relatively low for adaptive and passivity-based controllers.
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Figure 4.10 : Position Errors for No Payload(Adaptive-CTC).
Table 4.3: Computed Torgue Controller Gains.
Gains/
K K K
Contr. P b !

300-300-150- 25-50-40-20-30-20 0-0-0-1000-5000-100
CTC 1500-11000-
1500
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Figure 4.11 : Position Errors for Payload of 3 kg(Adaptive-CTC).
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Figure 4.12 : Position Errors for Payload of 5 kg(Adaptive-CTC).
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Figure 4.13 : Position Errors for Payload of 7 kg(Adaptive-CTC).
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Figure 4.14 : Position Errors for Payload of 9 kg(Adaptive-CTC).
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Velocity errors during trajectory tracking for no payload and payload of 3 kg, 5 kg, 7
kg and 9 kg for adaptive and passivity-based controllers are shown in Figure 4.15,
4.16, 4.17, 4.18 and 4.19 respectively. It is seen that maximum velocity errors doesn’t

change dramatically with varying payload weight for adaptive and passivity-based

controllers.
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Figure 4.15 : Velocity Errors for No Payload(Adaptive-PB).

Velocity errors during trajectory tracking for no payload and payload of 3 kg, 5 kg, 7
kg and 9 kg for adaptive and computed torque controllers are shown in Figures 4.20,
4.21, 4.22, 4.23 and 4.24 respectively. These figures show that velocity error of
computed torque controller is more sensitive to changes in payload weight than

velocity error of adaptive and passivity-based controllers.

Torque values during trajectory tracking for no payload and payload of 3 kg, 5 kg, 7
kg and 9 kg for all three controllers are shown in Figures 4.25, 4.26, 4.27, 4.28 and
4.29 respectively. It is seen that all three controllers generates similar torque values in
general. It is also seen that adaptive controller displays chattering behaviour. Integral
term added to the adaptive controller may be the cause of this behaviour due to

discontinious structure of the added integral term.
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Figure 4.16 : Velocity Errors for Payload of 3 kg(Adaptive-PB).
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Figure 4.17 : Velocity Errors for Payload of 5 kg.
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Figure 4.18 : Velocity Errors for Payload of 7 kg(Adaptive-PB).
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Figure 4.19 : Velocity Errors for Payload of 9 kg(Adaptive-PB).
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Figure 4.20 : Velocity Errors for No Payload(Adaptive-CTC).
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Figure 4.21 : Velocity Errors for Payload of 3 kg(Adaptive-CTC).

39



Velocity Error (degrees/s)

Velocity Error (degrees/s)

Adaptive

cTC
Joint 1 Joint 2
5 5 i
0 0
-5 5
0 20 40 60 80 0 20 40 60 80
Joint 3 Joint 4
20 i i i ‘
10 20
o Al 0
-10 -20
0 20 40 60 80 0 20 40 60 80
Joint 5 Joint 6
20 40
0 20
0
-20
0 20 40 60 80 0 20 40 60 80
Time (s)
Figure 4.22 : Velocity Errors for Payload of 5 kg(Adaptive-CTC).
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Figure 4.23 : Velocity Errors for Payload of 7 kg(Adaptive-CTC).
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RMS values of position errors for varying payload weight are shown in Figure 4.30
and percent changes in rms values of position errors with respect to rms values of
position errors for no payload are shown in Figure 4.31. Figure 4.30 shows that rms
position errors of the adaptive and passivity-based controller are generally close to
each other and lower than rms position errors of the computed torque controller except
for joint 6. Figure 4.31 shows that rms position error of the computed torque controller
is increased significantly with increasing payload weight. Also, rms position error of
the adaptive controller is not significantly affected to varying payload weight except
for joint 6, and rms position error of the passivity-based controller is significantly

affected by varying payload weight in joints 4 and 5.
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Figure 4.24 : Velocity Errors for Payload of 9 kg(Adaptive-CTC).

Dynamic parameter values provided by the manufacturer are entered as initial values
of the dynamic parameter vector in the adaptive controller. Same dynamic parameter
values are used for computed torque and passivity-based controllers except for the
inertia parameter of link 6. The inertia parameter for link 6 is not provided by the
manufacturer. Therefore, an identified value of 0.3 is used for the non-adaptive
controllers. Details on the identification procedure can be found in [13]. The identified

value was not suitable to be used in the adaptive controller. Therefore, the initial value
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of the estimated inertia parameter of the link 6 is entered as zero in the adaptive
controller. This difference may be the cause of the performance degradation of the

adaptive controller in joint 6.

4.2 Parameter Convergence of the Adaptive Controller

The parameter adaptation mechanism used in the adaptive controller implemented in
the experiments is based on the variable s introduced in equation 3.3 which is a
combination of position and velocity errors. Therefore, parameters change in a way
that makes position and velocity errors converge to zero. Experimental results show
that dynamic parameters of the robot do not necessarily converge to true values of the

parameters.

In the experiments, dynamic parameter values provided by the manufacturer have been

entered as the initial values of parameters for adaptive control.

Figure 4.32, 4.33, 4.34, 4.35 and 4.36 shows dynamic parameters of the robot as a
function of time during trajectory tracking for no payload and payload of 3 kg, 5 kg, 7
kg and 9 kg.
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Figure 4.25 : Torque Values for No Payload.
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Figure 4.26 : Torque Values for Payload of 3 kg.
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Figure 4.28 : Torque Values for Payload of 7 kg.
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Figure 4.29 : Torque Values for Payload of 9 kg.
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As seen from these figures dynamic parameters for link 1 and 2 remain almost constant
during trajectory tracking for all payload weights. It is observed that increase in
payload weight results in a significant increase in estimated mass parameters for link

5 and 6. Nevertheless, these parameters do not converge to true values of parameters.
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Figure 4.32 : Dynamic Parameter Values for No Payload.
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Figure 4.33 : Dynamic Parameter Values for Payload of 3 kg.
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Figure 4.34 : Dynamic Parameter Values for Payload of 5 kg.
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5. CONCLUSION

In this thesis, implementation of an adaptive control algorithm for the motion control

of a six DOF robot manipulator is presented.

Firstly, kinematic and dynamic modeling, which is required for implementation of the
robot controllers, are introduced. The Modified Newton — Euler algorithm [12] is
explained for the computation of the regressor matrix and dynamic model in adaptive

control.

Then theoretical background on computed torque control, passivity-based control, and
adaptive control are given. It is seen that theoretically, while the computed torque and
passivity-based control assume perfect knowledge of the dynamical model for the
convergence of position error to zero, the adaptive control does not require that

assumption.

In the adaptive control, the dynamic parameters of the robot are estimated online and
may be different than true dynamic parameters of the robot. The adaptive control takes
uncertainties into account through the online parameter adaptation mechanism. These
uncertainties are not taken into account in computed torque and passivity-based
control. Therefore, adaptive control takes a more comprehensive approach than
computed torque and passivity-based control since the dynamic parameters of the

robot are never exactly known.

In the experiments, trajectory tracking errors of the three controllers are compared to
each other. The validation trajectories are generated in joint space. Generated
trajectories are representative of pick and place applications. Pick and place
applications are chosen since varying payloads are carried in the pick and place
applications that cause uncertainties in the dynamic model of the robot. Point-to-point
motions between 16 random points in the robot workspace with quintic trajectories are
applied successively to obtain the validation trajectories. The validation trajectories
consist of a variety of point-to-point trajectories with different distances between
points and different maximum velocities along the trajectories. Implemented

controllers follow the validation trajectories for varying payload weights to compare
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the performances of the implemented controllers in the presence of uncertainties in the
dynamic model of the robot.

Experimental results show that position errors for the computed torque controller are
significantly affected by the varying payload weight. Increase in payload weight

results in a significant increase in position errors for all joints.

On the other hand, the passivity-based controller displays more robust performance
than the computed torque controller against payload weight variations. Even though
the passivity-based controller shows percent changes in rms position errors for joints
4 and 5 similar to the computed torque controller, it has much lower percent changes
in rms position errors than the computed torque controller for other joints.

The adaptive controller have larger values for the rms position errors than the
computed torque and passivity-based controller for joints 2 and 6. However, the
percent changes in rms position errors with varying payload weight are mostly lower
for the adaptive controller than computed torque and passivity-based controller with

joint 6 as an exception.

Average values for the percent change in rms position errors are 43% for the adaptive
controller, 95% for the passivity-based controller, and 318% for the computed torque

controller.

As a result adaptive controller seems to be the least sensitive controller to changes in

payload weight while computed torque controller is the most sensitive controller.

It is also seen that the estimated dynamic parameters of the robot do not converge to
the true values of the dynamic parameters, which is expected since the parameter
adaptation mechanism is directed by position and velocity errors. Estimated mass
values for link 5 and 6 increase as payload weight increases. Increase in the estimated
mass value for link 6 is expected since payload is directly connected to link 6. Increase
in estimated mass value for link 5 may be explained by the coupling effect between
joints 5 and 6.

Further studies may include adaptation of joint friction and gravity counter balance
spring model parameters along with the dynamic parameters of the robot. Also a
modification in the dynamic model to take coupling effects in joints 5 and 6 can be

useful for reducing the errors in joint 6.
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APPENDIX A: MATLAB Code for Modified Newton-Euler Algorithm (MNEA)
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APPENDIX A

function torque = RX168_MNEA{gp, qv, gqv_r, ga r, g, p)
Re1=[cos(gp(1)) @ -sin(qp(l));sin(gp(1)) @ cos(qp(1));@ -1 @];
R12=[sin(gp(2)) cos(gp(2)) @; -cos(gp(2)) sin(qp(2)) @;0 @ 1];
R23=[-sin(gp(3)) @ cos(qp(3));cos(ap(3)) @ sin(ap(3));@ 1 0];
R34=[cos(gp(4)) © -sin(qp(4));sin(gp(4)) @ cos(qp(4));0 -1 0];
R45=[cos(gp(5)) © sin(gp(5));sin(ap(5)) @ -cos(gp(5));0 1 0];
R56=[cos(gp(6)) -sin(gp(6)) @;sin(gp(b)) cos(gp(6)) ©;8 @ 1];

RB2=R@1*R12;
RO3=R@2%*R23;
RO4=R@3*R34;
RB5=R@4*R45;
RB6=R@5*R56;

R = zeros(3,3,6);
RO = zeros(3,3,6);
R(:,:,1) = R@1; R(:,:,2) = R12; R{:,:,3) = R23; R(:,:,4) = R34;
R(:,:,5) = R45; R(:,:,6) = R56;

RO(:,:,1) RO1;RO(:,:,2) RO2;RO(:,:,3)

- = RO3;
RO(:,:,4) = RR4;RO(:,:,5) = RA5;RA(:,:,6)

RO6G;

z1 = R@1*[0;@;1]; z2 = R@2%[0;0;1]; z3 = RO3*[0;0;1];
74 = R@4A*[0;0;1]; z5 = R@5*[0B;@;1]; z6 = ROG*[0;08;1];
z = [z1 z2 z3 z4 z5 z6];

rg = [@;0;0.374];

rl = Re1*[0.15; -8.176; ©.126];
r2 = R@2*[-0.825;0;0];

r3 = R@3%[0;-0.126;0.105];

rd = Re4A*[0;0;0.520];

r5 = R@5*%[0;0;0];

rb = RE6*[0;0;0.11];

r=1[rlr2r3rdrsrél];
% Initial Values
w @ = zeros(3,1); w r@ = zeros(3,1); wdot @ = zeros(3,1); mu 0 = -1*g; f nl = zeros(3,1); n_nl = zeros(3,1);
% Variables
w = zeros(3,6);w_r = zeros(3,6);wdot = zeros(3,6);mu = zeros(3,6);f = zeros(3,6);n = zeros(3,6);
psi_n = zeros(3,10,6); psi_f = zeros(3,10,6);
torque = zeros(6,1);
% Forward Iteration
mu(:,1) = (mu_@ + (S{wdot_@) + (S(w_@)*S(w_re))) * ra);
w(:,1) = (W ® + gqv(l) * z1);
w_r(:,1) = (w_re + qu_r(l) * z1);
wdot(:,1) = (wdot_@ + ((S(R@L.' * w_r@)*qv(1l)+ eve(3)*ga_r(1))) * z1);
for i = 2:6
mu:,i) = (mu(:,i-1) + (SQwdot(:,i-1)) + (S(w(:,i-1))*S(w r(:,i-1)))) * r{:,i-1));

w(z,1) = (w(:,1-1) + qu(i) * z(:,1));
w_r{:,i) = (w_r{:,i-1) + gv_r(i) * z(:,1));
wdot(:,1) = (wdot(:,1i-1) + ((S(w_r{:,1-1))*qv(i)+ eye(3)*ga_r(i))) * z(:,1));

end

% Backward Iteration

psi n(:,:,6) = [zeros(3,1) S(mu(:,6))." L{wdot(:,6))+(S(w_r{:,6))*L(w(:,6)))];
psi f(:,:,6) = [mu(:,6) S(wdot(:,6))+(S{w(:,6))*S(w_r(:,6))) zeros(3,6)];

psi_ni = squeeze(psi_n(:,:,6));

psi_fi = squeeze(psi_f(:,:,6));

n{:,6) = psi_ni*p(51:68,1) + eye(3) * (S(r6)*f_nl + n_nl);
f(:,6) = psi_fi*p(51:60,1) + eye(3) * (f_nl);

torque(6) = z(:,6)." * n(:,6);

for i = 5:-1:1

psi_n(:,:,1) = [zeros(3,1) S(mu(:,i})." L{wdot(:,i))+(S(w_r(:,i))*L(w(:,1)))]1;
psi F(:,:,1i) = [mu(:,i) SQwdot(:,i))+(S(w(:,i))*S{w_r{:,1i))) zeros(3,6)];

psi_ni = squeeze(psi n(:,:,i));
psi_fi = squeeze(psi_f(:,:,1));
n(:,i) = psi_ni*p((10*(i-1)+1):(10*1),1) + (S(r(:,i))*f(:,i+1) + n(:,i+1));

F(:,1) = psi_fi*p((10*(i-1)+1):(1e*1),1) + f(:,i+1);
torque(i) = z(:,1)." * n(:,1);
end
end

Figure A.1 : MATLAB Code for MNEA
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