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Control of Robotic Systems Used for Support in

Cochlear Microrobot Operations

Abstract

The rapid development of robot technology has started to be emphasized medical
robotics increasingly. The potential of robotic systems to facilitate the work of
healthcare workers, minimize human errors, restore function to lost limbs, and enable
operations that cannot be performed due to distance or other factors have made this

field increasingly popular.

Surgical robotics applications are the trend subfield of medical robotics. In these
applications, it is aimed to reach the desired task with certain precision and accuracy.
Therefore, performance of the control system is very crucial for the efficiency of
robotic systems used in medical applications. Within the scope of this study, control
of robotic systems used as supportive systems in surgical cochlear microrobot

operations is studied.

This study is carried out on two different robotic systems serving identical purpose,
one of which contains dual serial robot manipulators that must work in coordination
and the other one contains a parallel robot manipulator, which are planned to be used
as supportive systems in surgical cochlear microrobot operations. Two robust
adaptive nonlinear controllers are designed for each of these robotic systems. One of
the mentioned control designs is realized in the joint space, while the other one is
designed in task space. Lyapunov based arguments are utilized for the theoretical

analysis of designed controllers. For the performance demonstration of the designed
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controllers simulation and experimental studies are utilized. Dynamic models of
robotic systems, whose prototypes produced within the scope of the project in which
this study is included, are needed for the simulation studies. To meet this necessity,
dynamic modeling of mentioned robotic systems is realized via Newton-Euler and
the Lagrangian formulations as a part of this study. After demonstrating the
performance of the designed controllers in the simulation environment by using these
dynamic models, experimental verification is realized by applying the designed

controllers to prototypes of robotic systems.

Keywords: Robotic systems, cochlear microrobot operations, nonlinear control, joint

space control, task space control, robust adaptive control.
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Koklear Mikrorobot Operasyonlarinda Destek i¢in

Kullanilan Robotik Sistemlerin Kontrolii

Oz

Robot teknolojisinin hizli gelisimi ile birlikte medikal robotige agirlik verilmeye
baslanmigtir. Robotik sistemlerin saglik calisanlarinin isini kolaylastirma, insan
hatalarini en aza indirme, islevini yitirmis uzuvlara islev kazandirma, mesafe ya da
baska etmenlerden dolay1 gerceklestirilemeyecek operasyonlari miimkiin kilma gibi

potansiyelleri bu alanin popiilaritesini arttirmistir.

Cerrahi robotik uygulamalari1 medikal robotigin popiiler alt alamidir. Bu
uygulamalarda istenilen goreve belirli bir hassasiyet igerisinde ulagilmasi hedeflenir.
Bu nedenle, medikal uygulamalarda kullanilan robotik sistemlerin verimliligi igin
denetim sisteminin basarimi olduk¢a 6nemlidir. Bu c¢alisma kapsaminda, cerrahi
koklear mikrorobot operasyonlarinda destekleyici olarak kullanilan robotik

sistemlerin denetimi ile ilgilenilmistir.

Bu calisma cerrahi koklear mikrorobot operasyonlarinda yardimci sistem olarak
kullanilmast planlanan, biri koordine c¢alismasi gereken iki adet seri robot
manipiilatdr digeri ise paralel bir robot manipiilatér iceren ayn1 amaca hizmet eden
iki farkli robotik sistem iizerinden yiiriitiilmektedir. S6z konusu robotik sistemlerin
her biri i¢in iki dayanikli uyarlamali dogrusal olmayan denetleyici tasarlanmistir.

Bahsedilen denetim tasarimlarindan biri eklem uzayinda gerceklestirilirken digeri



gorev uzayi i¢in tasarlanmistir. Tasarlanan denetleyicilerin basarim gésterimleri igin
benzetim ve deney calismalarindan faydalanilmistir. Benzetim ¢alismalar1 igin,
prototipleri bu c¢alismanin dahil oldugu proje kapsaminda {iretilen robotik
sistemlerin, dinamik modellerine ihtiya¢ duyulmustur. Bu gerekliligi karsilamak i¢in,
bahsedilen robotik sistemlerin dinamik modellemesi, Newton-Euler ve Lagrangian
formiilasyonlar1 araciligiyla, calismanin bir pargasi olarak gerceklestirilmistir.
Tasarlanan denetleyicilerin basarimlari bu dinamik modeler kullanilarak benzetim
ortaminda gosterildikten sonra, deneysel dogrulama tasarlanan denetleyiciler robotik

sistemlerin prototiplerine uygulanalarak gergeklestirilmistir.

Anahtar Kelimeler: Robotik sistemler, koklear mikrorobot operasyonlari, dogrusal
olmayan kontrol, eklem uzay1 kontrolii, gdrev uzay1 kontrolii, dayanikli uyarlamali

kontrol
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Chapter 1

Introduction

Technological developments deeply affect every aspects of life. Robotic systems
have been commonly used in many areas with the rapidly developing technology.
Medical robotics is one of the most popular among these areas. Robotic systems find
a wide area of use in the subfields of medical robotics such as physical therapy,
rehabilitation and surgical robotics. Considering that, it facilitates the work of
healthcare professionals, minimizes human error, restores basic function to disabled
limbs, and can perform operations that cannot be performed due to distance or
various reasons, robotic systems that can be used efficiently in medical applications
are very important. In addition to these, the desired task can be achieved with certain
precision and accuracy with the help of robotic systems. However, supporting the
robotic system with a suitable control design is an absolute necessity for an efficient
and precise implementation of the mentioned applications. As a result of these,
control design for the robotic systems used as supporting systems in medical

operations has become an attractive topic in the research area of control.

In [1], a robust controller design was proposed for a robotic tendon actuator
developed to use in their implementation to human gait assistance. In [2] a control
system design for a robotic assisted surgical operation with haptic feedback was
presented. Li et al. proposed a nonlinear disturbance observer based control design
that uses a fuzzy logic approach to perform power increasing tasks of a robotic
exoskeleton [3]. C. H. Guzman et al. designed a robust generalized proportional
integration controller for a robotic system used for hip joint rehabilitation to reduce
the physical workload of physiotherapists [4]. In [5], an adaptive controller was
proposed to compensate friction for trajectory tracking control of industrial medical

robots. In [6], an adaptive fuzzy propotional-integral-derivative (PID) force control



for robot-assisted ultrasound, which is used to improve guidance performance for
anatomical or pathological structures of the lung under free breathing, was presented.
H. Kolbari et al. introduced an adaptive controller design for a robot-assisted remote
surgical intervention [7]. Cortesdo et al. developed a task space controller for a
robotic-assisted minimally invasive surgical operations with haptic feedback [8]. In
[9], a durable H,, loop shaping controller was proposed to improve the performance
of the robotic system used to improve the oscillation structure of the human lower
limb system. In [10], to control a flexible medical robot arms that plays an important
role in protecting health workers from disease during the Covid-19 pandemic, three
control methods were proposed to investigate the robust control method for
controlling the position of a manipulator. These methods are linear quadratic

regulator (LQR), pole placement and PID control.

Wang et al. presented an external load control of a continuum robotic system used in
surgical operations [11]. In the mentioned study, the load control was performed via
a hybrid adaptive controller design. Hyun et al. presented that assistive robotic
manipulation assistance algorithm has potential to enable users who are currently
unable to use an assistive robotic manipulator, which is kinova assistive robotic arm,
to use it by using a low cost 3-dimensional depth sensing camera and an improving
inverse kinematic algorithm and providing an autonomous or semi-autonomous
robotic manipulation assistance [12]. In [13], a motion control algorithm for a
parallel robot in the field of laparoscopic surgery and micro surgery operations was
proposed. In [14], a control method was proposed to compensate nonlinearities by
implementing a position inverse kinematic model in flexible bending instruments

used in medical endoscopic systems.

Ozkul et al. developed an exoskeleton-type robot-assisted rehabilitation system for
rehabilitation purposes [15]. In the mentioned study an admittance control with inner
robust position control loop was proposed to reach the main purpose of the study. A
robust controller design was proposed for vascular interventional surgical robot
system developed to the implementation to more accurately, safely and stably [16].
In [17], a robust feedback controller design was proposed for electromagnetic
steering microrobots used in various biomedical applications. In [18], a Lyapunov

based robust control design for 2 degrees of freedom (DoF) lower limb rehabilitation



robot to perform specified passive exercises without the physiotherapist was
presented. Sajadi et al. designed a Lyapunov based control method to improve the
accuracy of the monitoring procedure for a surgical manipulator to follow a specific

reference under the effect of external disturbance [19].

In [20], a robust adaptive control design is proposed for a class of 5 DoF upper limb
exoskeleton robot to deal with the problems caused from robust output feedback
control design applied on this system. Yang et al. proposed a robust adaptive control
design that uses a fuzzy optimal gain design approach for the control of a 2 DoF
lower limb exoskeleton robot [21]. Zhang et al. designed a robust adaptive controller
for a single link joint driven by pneumatic artificial muscles to deal with its

parametric uncertainty and unmodeled dynamics [22].

In [23], the proportional-integral-derivative (PID) controller’s performance was
introduced in trajectory control of medical robot that has two-link robotic
manipulator. Seyfi and Khalaji proposed a robust motion controller with a variable-
structure compensator to track the desired trajectories of upper and lower limbs in a
cable-driven rehabilitation robot [24]. In [25], force training mode was proposed for
position/force control of medical robots interacting to control the deformation of
human soft tissues. In [26], three feedback loop controllers were selected and
implemented, in which the computed torque control (CTC), the proportional
derivative (PD) control and the PID were presented. In the mentioned study,
performance of the CTC technique in terms of trajectory tracking of the surgical
robot was compared with the each other techniques. A force control design for
robotic-assisted beating heart surgery was introduced by Moreira et al. in [27]. A
robust force control for the rehabilitation robot that assists with the straight leg lift
exercise was proposed by Lee and Oh [28]. In [29], CTC method was introduced for

the trajectory tracking of a surgical robot that is the ex-vivo laceration.

From all of the aforementioned studies and other studies in the literature two main

observations can be made;

1. Serial and parallel robot manipulators are widely used as supportive systems in

medical robotic applications.



2. Robust control approach is commonly preferred into this field by considering

its ability to deal with possible parameter uncertainties and external disturbances.

From these observations it is reached that serial and/or parallel manipulators
supported with robust control approaches can be considered as feasible supportive
systems for medical robotic applications. Moreover, when the literature is examined,
it is seen that this type of control design approaches are frequently preferred for the

control of many robotic systems in the field of medical robotics.

In [30], a haptic system improved to use in medical applications was controlled via a
robust control design. Shang and Cong introduced a new robust nonlinear controller
to increase the tracking accuracy for a planar 2 DoF parallel manipulator [31]. In the
mentioned study, the proposed controller was designed by combining a nonlinear PD
controller with a Lyapunov based robust dynamic compensation approach. Fateh
proposed the voltage control strategy for robust tracking control of a three-joint
articulated flexible-joint electrically driven robot [32]. A robust backstepping
controller was designed to the tracking desired speed trajectory for four-bar linkage
mechanism [33]. Okur et al. proposed a robust position control of tendon-driven
robot manipulators with full-state feedback to deal with parametric uncertainty in
system dynamics [34]. Soltanpour et al. designed a robust controller that is able to
overcome uncertainties in robot dynamics and kinematics for trajectory tracking of
robot manipulator in task space [35]. In [36], a Lyapunov based robust controller
design in task space for dual robot manipulator system used for support in cochlear
microrobot operations was presented. A robust nonlinear task space control for
parallel manipulator is proposed by Kim et al. [37]. Jin et al. introduced a robust
motion control strategy that allows to compansate nonlinear terms in robot dynamics
including friction for a robot manipulator [38]. In [39], a robust controller was
introduced for position and orientation tracking control of underactuated quadrotor

aerial robot.

In the most of the robust control designs it is assumed that all of the dynamics and
parameters of the controlled system are completely uncertain. As a result of this
situation, robust controllers generally have a structure that works according to the
worst case scenario. It can be seen as the main disadvantage of robust controllers

since it may cause unnecessarily high control effort. In general, supporting the robust

4



control designs with adaptive parts that try to compensate the uncertainties in the

system dynamics are seen as a feasible solution to cope with this issue.

A Lyapunov based robust adaptive controller design was proposed for the trajectory
tracking of robotic manipulators with uncertain external disturbances [40]. In [41], a
robust adaptive control design was proposed for the trajectory tracking of a 6-DoF
parallel robot. In [42] a robust adaptive control strategy was used for trajectory
tracking control of an industrial robot. In the mentioned study the control design was
realized in the task space and the parametric variations and uncertain disturbances
were coped with owing to the robust structure of the designed controller. Chen et al.
designed a robust adaptive controlller for the trajectory tracking of a two-link direct-
drive robot manipulator [43]. In [44], different robust adaptive controllers were
utilized for the trajectory tracking of the direct drive selective compliance assembly
robot arm. In the mentioned study different type of robust adaptive controllers were
examined in a comparative manner and it was observed that the proposed adaptive
controllers have better tracking performance than their robust counterparts. Dou and
Wang designed a robust adaptive motion controller for synchronization of multiple
two link robot manipulator [45]. Yin and Pan designed a robust adaptive tracking
controller for the trajectory tracking of a 6 DoF industrial robot to deal with
parametric uncertainties, external disturbances and uncertain nonlinearities [46]. In
[47], a robust adaptive control method was introduced for the control of mechanical
manipulators. In the mentioned study, adaptive feedback linearization control
strategy was used in accordance with adaptive sliding mode control to overcome
unmodeled dynamics and noise. A robust adaptive tracking control was designed for
robotic manipulators by taking the actuator faults, disturbance, uncertain dynamics
and joint velocity measurement uncertainty [48]. Ahanda et al. proposed a Lyapunov
based robust adaptive control of an electrically driven three link flexible joint robot

manipulator to deal with uncertainty and joint space constraints [49].

Cochlear microrobot operations, a sub-field of medical robotics, are operations that
must be carried out with high precision. One of the most effective ways to ensure
high precision is to efficiently control the robotic systems used as supportive systems
in these operations. When the related literature is examined it is decided that

supporting these systems with robotic systems include serial and parallel



manipulators and providing the control of these systems via robust adaptive control
strategies is seen one of the most feasible ways to reach the mentioned purpose. As a
result of these, all this study is devoted to realize appropriate control designs for the

system used as supportive systems in cochlear microrobot operations.

This study seeks to introduce control approaches of the supportive robotic system
designed to provide the use of medical microrobots in cochlear workspaces. The
system, designed for inner ear stem cell applications, aims to enable a microrobot
placed in the inner ear cochlea region to be moved in tetherless way within the
cochlea ducts. This non-contact movement is carried out thanks to the permanent
magnets located at the end effectors of the robotic surgical system. The system
consists of a macro-micro robot manipulator structure that aims to move the micro
robot that can move without connection in the cochlea. In this structure, the macro
manipulator is responsible for performing the rough movements of the system, and
the micro manipulator mounted on the macro manipulator endpoint is responsible for
performing fragile movements. In applications where this structure is used, speed and
wide working volume characteristics are obtained owing to the macro manipulator
and owing to the micro-manipulator carried by the macro manipulator to the task

space, it is ensured that it can work more precisely locally.

The supportive system aims to carry out the movement of the microrobot within the
cochlea ducts in a tetherless way. Since it is planned to use serving this purpose two
different robotic systems one of which contains serial and the other one contains
parallel robot manipulators as supportive systems, control designs are realized by
considering these specific systems. First of all dynamic models of the mentioned
robotic systems are obtained via recursive Newton-Euler and Lagrangian
formulations. Then, two robust adaptive nonlinear controllers are designed for each
of the mentioned robotic systems by considering the structures of the obtained
system models. At this point some important aspects about control designs should be
noted. Since the mentioned controllers are robust adaptive, none of the model
parameters are needed. The dynamic models are used to observe the performance of
the designed controllers in the simulation environment. Moreover, one of the
mentioned controllers are designed for joint space while the remaining one is

designed for task space. Lyapunov-based arguments are utilized for the related



theoretical analysis. Performance of the designed controllers is observed in

simulation and experimental studies for both of the mentioned systems.

The rest of the study is organized in the following manner. In Chapter 2 modeling
and structure of the experimental setups used in this study are introduced. In Chapter
3, four different robust adaptive control designs, two of which are designed for the
system containing seral robot manipulators and the other two are designed for the
parallel manipulator system. At this point it should be noted that for each of the
mentioned systems, one control design is made in the joint space and the other one is
realized in the task space. Related analysis, simulation and experimental studies of
each controller are presented in a detailed manner in Chapter 3. Finally, the study is

concluded by giving conclusions and possible future works in Chapter 4.



Chapter 2

Structure and Modeling of Serial and

Parallel Robotic Systems

In this chapter, dynamic modeling of the systems that are thought to be used as
supportive systems in surgical microrobot operations is given. Obtaining system
models that give an idea about the systems' structures and provide an opportunity to
test the performance of the designed controllers in the simulation environment the

main objective of the studies conducted in this chapter.

Considering the structure of the microrobot, whose movement in the cochlea must be
ensured precisely for a successful operation, two different supportive robotic systems
are designed. The main purpose of these systems is to produce an electromagnetic
field between two independent end effectors in which the microrobot can continue its
movement in a spherical workspace centered on the cochlea with radius Ry,. The
radius Ry, is determined approximately according to the cochlear region and the
dimensions of the head region which is the biggest obstacle in the working volume.
To achieve this goal, first of all, a robotic system including two independent three
link revolute joint serial manipulators operating on the same plane is designed and
constructed. Each of the mentioned robot manipulators has 3 DoF. General structure
of the first system can be seen in Figure 2.1. The permanent magnets are located in
the end effector of the robotic surgery system, for this serial system is the Cg and C;
as seen in figure 2.1. Maintaining the distance between the two end effectors and
operating on a cochlea-centered circle with a radius greater than R, and are their
exposure to each other on the same axis the main working principles of the serial
robotic system. In Figure 2.2 the produced prototype of the serial robotic system is

shown.
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Figure 2.1: Serial manipulator system

(b)
Figure 2.2: Serial robotic RRR system, (a) Top view, (b) Front view



The second robotic system considered as the supportive system includes a parallel
manipulator structure having 5 DoF and containing double-end effectors. General
structure of this system can be seen in Figure 2.3. The parallel robot manipulator also
operates on a cochlea-centered circle whose radius is greater than R,,,. However, due
to its structure, it works differently from the serial robotic system, that is, the two end
effectors of the parallel system operate in the area where the cochlea is close to the
head region on a cochlea-centered circle whose radius is greater than R. In the
parallel system, the end effectors keep their distance to the cochlea and the
orientation of the magnet in the end effectors constant. The electromagnetic actuator
is located in the end effector of the robotic surgery system, for this parallel system is
the C, and C, as seen in Figure 2.3. In Figure 2.4 the produced prototype of the

serial robotic system is shown.

Cochlea
Position

C Permanent

" Magnet

Micro
manipulator ~ Manipulator
ground ground

Figure 2.3: Parallel manipulator system
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(a) (b)

Figure 2.4: Parallel robotic system, (a) Top view, (b) Front view

In the following sections of this chapter dynamic modeling of the aforementioned

systems are given in a detailed manner.

2.1 Dynamic Model of Robot Manipulators
The mathematical model of a robot manipulator is given as [50]

M(©)0+C(6,0)0+G(O)+Fb=r1 2.1)

where M(0) € R™ ™ represents the positive-definite and symmetric inertia matrix.
C (9, 9) € R™™ represents the centripetal-coriolis matrix, G(6) € R™ denotes vector
of gravitational forces and Fy € R™ ™ denotes the friction matrix. In (2.1) the control
input torque is represented by T € R* while 6, 8,6 € R"™ denote the joint position,
velocity and acceleration, respectively. Moreover it should be noted that n € R
denotes the total DoF of the robot manipulator in the dynamic model. Obtaining each
parameters of the dynamic models that are specified from (2.1) according to the
structures of the systems used in this study is the main purpose of this chapter.

Newton-Euler and Lagrangian formulations can be utilized to achieve this goal.

11



2.2 Modeling of Serial Robotic System

Since the serial robotic system includes three link revolute joint robot manipulators,
this chapter is based on dynamic modeling of 3 DoF RRR robot manipulators. The
Newton-Euler formulation is used to obtain the dynamic model, and the modeling
steps and the mathematical equations obtained for each step are given in a detailed
manner. At this point it should be noted that all dynamic models are presented
parametrically in the following chapters. Obtaining a model structure where the
possible changes in the parameters of robot manipulators (link masses, used material,

link lengths and etc.) can easily be applied is the main purpose of this presentation.

2.2.1 Newton-Euler Formulation

Newton-Euler formulation, which explains the relationship between the force acting
on the center of mass of each link and the link inertia and acceleration, is used to
obtain the dynamic model terms. The force acting on the center of mass of the link is

obtained by Newton's Equation given as

F =mgv;, (2.2)

where m; € R denotes mass of link, U5, € R denotes acceleration of the center of

mass of link. The formula used to find inertia moment exerted at the center of mass

of link is given as

N = “log + wg X I wg (2.3)

where wg and wg € R represent angular velocity and angular acceleration of the link,

respectively while I € R denotes inertia of the link about its center of mass.

The force and torque expressions acting on the centers of the mass of each link are
found by calculating the following forward computation equations for

i=0,,(n—1)

12



i+1 — i+1p i ] i+17
Wsppg = iR Ws;+ 0" Zing

i+1 — i+1p i . i+1pi ] i+1% ] i+17
Wsipq = iR Ws; + iR Wg; X 95i+1 Zi+1 + gsi+1 Zi+1

i+1.: — +1p(i+1, i i i i i
Usiy1 = iR( Wsit1q X Pi+1 + Ws; X ( Ws; X Pi+1) vsl')

i+1. — i+1, i+1
Sciy1 Wsipq X PCi+1 (2.4)
i+1 i+1 i+1 i+1:
+ w5i+1 X ( w5i+1 X PCi+1) + U5i+1

i+1 _ i+1

Fl+1 - msi+1 Sciy1
i+1 — Cit1 i+1,- i+1 Cit+1 i+1

Nit1 = ISi+1 Wsj1q + Wsiyq X ISi+1 Wsj1q

where 6, , € R and 6, , € R represent velocity, and acceleration of the (i + 1)th

joint, {Z; € R™ denotes a unit vector pointing along the i™ joint axis, “*w i ER

angular velocity exerted on other link by (i +1)™ link, ¢ € R™ represents

Si+1
angular acceleration exerted on other link by (i + 1)™ link, 1R € R™™ denotes

rotation matrix, l+11'75i +1 € R™ represents linear acceleration of (i + 1)™ link frame,

tp,,1 € R™ denotes position vector of frame (i + 1) with respect to frame (i),

i+1.
v
SCiv1

i+1
and P,

€ R" represents linear acceleration of the center of mass of (i + 1)™ link

. € R™ position vector of the center of mass.

Actuator torques or forces are obtained by utilizing the following backward

computation equations for i = n,---,1
ir _  ipi+1 i
fi= iR ws; + K
i ipi+tl i i i i i+1
n = Np+ R+ By X Fi+ Py X Ry fisr (2.5)

— TS
Tsi_ niZl'

where 'f; € R™ denotes force exerted on (i —1)™ link by it* link , ‘n; € R*
denotes moment exerted on (i — 1)" link by i" link and 7, € R represents the

torque required for the i joint.

2.2.2  Derivation of the Dynamic Model of 3 DoF RRR Robot

Manipulator via Newton-Euler Formulation

To obtain the dynamic model of 3 DoF revolute joint robot manipulator, it is
assumed that the links are at the midpoints of the centers of mass. This situation can

mathematically be expressed as

13



[

1 _ 1

PC1_ -% O 0-
Y -T

ZPczz 572 0 0 (2.6)
:l T

3 — s3

ch_ -7 0 0

where lg; represents length of i*" link. The following assumptions can be made for
the angular velocity and angular acceleration since the base coordinate system of the

robot arms does not move

2.7)

Gravity is on the z-axis in the main coordinate system. This situation is

mathematically expressed as
5o =9Z=1[0 0 g]" (2.8)

where g € R represents the gravitational acceleration. The rotation between

consecutive link axes is expressed by the rotation matrices given below

' cosbs;, , sinbs; , 0
i+1R = |=sinf;,,, cosfs, . 0
cos Bosl.ﬂ —sinOHSi+1 %) (2.9)
1R = |sin 65;,, cosb., O
0 0 1

Forward computation equations for each joint can be calculated as follows by
substituting (2.6)-(2.9) in (2.4)
For the first joint

. 4T
lwg, =[0 0 6]
e T
lbg, =[0 0 6
11’751 = [O O g T
v [ b1, Loxs T
Vse, = _7051 7951 g (2.10)
i ls1 ., lyy T
Fy = _m517951 m517951 gms
me, 12 T
1 — s1ts1 ;4
Ny = [o 0 — 951]

14



For the second joint

2("Szz [O 0 9512]T
2., =[0 0 &,]

S2
l5165, sin 65, — 15162 cos b,

Vs, = | 1,6, sin 6, + 15162 cos 6,
9
—_152 (9512)2 + 15105, sin 6, — 15,62 cos 6,
Vs, = lsz 220, + L6, sin b, + 15,62 cos b, @1D)
9
Mg, 1522 (6s,, ) + Mgy lsy O, sin 65, — mgyls, 62 cosb,
o= o, 15—29512 + Mgylg b5, 5in 05, + mgylsy 62 cos b,
L . gms»
N, =0 o Tzleg
For the third joint
Sws, =[0 0 95123]
Sy = [O 0 6)5123]
31’753 = [3ﬁ53x 31}533/ g]T
sq, = lsléis1 sin(Gszs) + lszéslz sin s, -l észlcos(esn)
— sy cos B, (6?512)2
31'753y l51t9s1 cos(t9s2 )+ l52(6 ) sin 8, + 1529512 cos 8,
+ 15,02 sin(6,,)
Vs, = [*¥se,, 313563y g]T (2.12)

l .
v == ;3 ( 5123) + o1 951Sln(9523) 52(0512)2 cos 953
— 15102 cos(6s,,) + 15,0
l
Vs, = %395123 + 15, cos(bs,, )+ Lz (6, 2) sin 6,
+ 15,02 sm(Gst) + 15, 0 512005 65,

3F, = [ms3 Vsc ms U5c3y gmsg]

Ny=0 0 m“’“esm]T

s,, SIN O,

where mg, € R represents mass of it" link, Qsi...]' = (Hsi + -+ 95].) € R represents

sum of joint angle, 951.“_]. = (ési + -t ésj) € R represents sum of joint velocity and

o, . = (és. + -+ és.) € R represents sum of joint acceleration.
i..j i Jj
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Backward computation equations for each joint are calculated as follows by

substituting (2.10)-(2.12) in (2.5).

For the third joint
fs = °F;
1 T
3 =10 3
s ngs3 lsS n3z]
1 . "
3”32 = § ls32ms3 05123 + E lszalgzmys 051 cos 953
1 . 1 . (2.13)
+ 5 ls1ls3mg30, cos O, + 5 lszls3mg30s, cos O,
. ) 1 . .
+ > ls2ls3mg362 sin 65, + 2 ls1l53mg36Z, sin s,
+ E lszls3ms3é5?2 Sln 653 + lSZ l53m53951 6'52 Sln 653.
For the second joint
T
2f2 = [Zfo 2ny _g(msz + msS)]
2f2y = (lslms3 + lslmsz)ésl cos 052 - E ls3ms3éslz3cosesg
- (lslmSB + lslmsz) észlsin 952
1 . 2 .
—5 lgzmgs (95123) sin 6,
1 - N\2
- (lszms3 + E lszmsz)(eslz)
[ - Egms3 lsS sin 953 ]
2n, = 1 1
2 lg(l52m53 + E ls3ms3 cos 053 + Emszlsz)j (2_14)
ZnZZ

1

n,, = > (Is1ls3mgs cos O, + Lgylomy, cos 6s,

$23

+ 2l lymgs cos 0, )05, + Lsylsamgs B, cos 6,

1 .. 1 ..
+ (§ l?ZmSZ + l§2m53)9512 + § l§3m5395123
i} 1 o
+ 2 ls2ls3ms305, cOS B, — 2 ls2ls3mg362, sin 6,

1 ) ) .
+ > (IZ;mg, sin O, + l51l3mg3 sin 65,,)02

- lsZ l53m53 (951 953 + 952 és3) sin 953
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For the first joint

T
1f1 = [1f1x 1fly —g(msy + mg, + ms3)]

1 o
1flx = _(lSZmS3 + _ZZSmSZ)Slnesz 9512 -5

1

—5 lsmg302  cos 0,

5123

( lszmsz + lszms3) 9

- (E lslmsl + lszmsz + lslms3 Sin(9523)2

- lslms3 C05(0523)2) 9521

1fly slm'sles1 + (lszmss + E

1 ..
+ = l;smg36;  cosO

2 5123
( lszmsz + lszms3)9

+ (lelmsg sin 6

523

1

[
|

1 | 1
|

1 _ 1
Ny =J (Em53l53 cos B, .

+ msllsl + (msz + ms3)lsl)

1 —_ (132 2
Nz = (gls1msl + [§ymg;

+ 2151 lomg3 cos O, + L5y Li;my; cos g,

+ lgylamgs cOS 053) ésl

+ l51lg3mg3 cos O,

1
+ (lsllszms3 cos b5, + Elsllszmsz cos 8,

1
+ gls1ls3ms3 cos 6,

1
+ (l51l53m53 cos b,

+ ( lszmsz + l§2m53)é

. 1 .
(Elgzmsz Sin s, + 5ls1ls3Mgs SN O

- 2l51lszms3 Sin 952
1 ,

- (Elsl l53m53 Sin 0523

+ %lllzmz sin6;,)62

1 . . N2
- 5(lszls3ms3 sin Os, + lg1lgzmgs sin 6523)653

- (lslls3m53 Sin 9523

+ 65,05,)

17

S12

lszmg,)0s , cos O,

5,5 — 5 Ls3Mgz Sin 953

S12

cosbs,, )67

: : 1 :
—-g (E Mgslgs sin O, +1l;;mg3 sin b, + Emsz lg5 sin 952)

1
+1ls;mg3 cos 6, + Emszlsz cos 8,

+ lyls3mgs cos 953) éSZ
+ lgylamgs cOS 053)553
1 .o
S12 + §l§3m539
1 . .
- ElsllSZmSZ sin 952) 9521

+ i l;mg sin 6,

+ 2151 l5;mg3 sin B,
+ L5 LMy, sin 65, )65, 65, .
- (lSZ l53ms3 Sin 953 + lSllS3mS3 Sln 9523)(951 953

lsSms3 SlzgSl'n(9523)

|

(2.15)



Torques that are effective on each joints can be obtained as

_1¢,T% _ (132 2 1 2 12
Ts, = f1Z1= (§ls1ms1 + 15, (mgy + mg3) + FMs3lss +3lams;

+ 1Zmgz + L5 lg3mgz oS O, + 215y ls;mg3 cOs B,

S23

+ 51 lsamg; cos O, + Ly li3mgs cos 053) ésl
1 1
+ (gms3l§3 +3lEmsy + 1fmgs

1
+ Elslls3ms3 cos 9523 + l51l5;mg5 cos b,

1
+ Elsllszmsz cos b, + lgylgsmgs cos 953) 0,
1 1
+ GMss 135 + Slsals3mss cos O,

1 ..
+ Elslls3m53 cos 6;,,)0,, .16
1 . 1 . )
+ (Elgzmsz Sin s, + sls1ls3Mgs Sin 6,
. 1 . .
- lellszmsg sin 952 - ElsllSZmSZ sin 952) 9521

— (%lslls3ms3 sin 8, + l1l;m3 sin 6,

23
+ %lllzm2 sin6;,)62
— %(lszlsgms3 sin B, + ls;ls3mgs sin 0523)é523

— (ls1lsamsz sin B, + 215 ls;mg3 sin O,

+ l51lomg, Sin 952)951 952

— (ls2ls3miss sin O, + Ly lizmgz sin 65, ) (05, 05,
+ 65,65,)

_2¢T% _ (1 2 1,2 2 1
Tsz - f2 ZZ - (gms3 lsB + glszmsz + lSZmS3 + Elsll53m53 cos 9523

1
+ l1ls;mgs cos O, + Elsllszmsz cos b,

+ 5 ls3myg3 COS 953) 0,

1 2 1;2 2
+ (§m53153 + §l52m52 + l52m53

+ lsyl3mgs coS 053) 0,

1 1 .o
+ (5 lspl53mg3 cos B, + 5m53l§3) 65,
1

+ E (lsllSSms3 cos 9523 + lsllszmsz cos 952 (2.17)

+ 2154 l5;mg3 cos 952)951 + lgplgamgs éSZCos 0,
1 .. ..
+ (§ l?zmz + l§2m53) 9 + - l§3ms39

S12 3 S123

1 ..
+ E lsz ls3ms3 953 COSQSs

1., . . 32
+ 2 (lszmsz sinB, +ls1ls3mgs sin 9523)051

.
—5 Lszls3mg30g, sinb,

- lszls3ms3(951953 + 952953)Sin953
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—3fT% _ (1 2 1
Ts, = f3Z3= (§m53l53 + Elsz ls3mgs cos 953

1 X3 1 X3
+ Elsl l53m53 Cos 9523)051 + (§ms3 l§3) 953
1

+ (5 lspl53mg3 cos B, + %ms3l§3) éSZ (2.18)

1 . 1 . .
+ (Elszls3ms3 sin bs, + 3l lsamgs sin 9523) 67

1 . . 2 . . .
+ 5152 lgsmgs sin 953 Os, + lsalgzmgs sin 053 0,6,

By substituting (2.16) - (2.18) in (2.1), the dynamic model in (2.1) can be specified

for 3 DoF revolute joint robot manipulator as

M;(65)8 + Vy(05, 65)0s = 4 (2.19)

where V, € R3*3 is a matrix and that is used for the definition given as V,6, £

Cs6s + G,. At this point it should be noted that dimensions of the all terms in (2.19)

are assumed to be adjusted according to a 3 DoF RRR robot manipulator.

The following computations can be used to reach elements of the inertia matrix M

and the matrix V; given in (2.19)

Mgyq = %l§1m1 + 13, (Mg, + mg3) + %msslszs + %ls?zmsz + 15mg;
+ l51lg3mgs cos O, + 2154l ;mg3 cos O,
+ lg1l5,m,, cOS s, + lg5ls3mgs COS 0,
Mslz = %mSS 133 + %lgzmsz + l§2m53 + %lsl ls3m53 cos 9523
+ l51l5;me3 cos O, + %lsllszms2 cos 6,
+ Iy lg3mgs cos O,

1 5 1 1
Msl3 = §m53 153 + Elsz ls3ms3 Ccos 853 + Elslls3ms3 cos 9523
1 2 152 2
Mgz = smgslss + Slsamgs + 15;Mg3 + L5z ls3ms €OS O, (2.20)
— 1 2
Msz3 - Elsz lsSms3 cos 953 + gms3 ls3
_1 2
Ms33 - §ms3ls3

— (12 ;
Vsi1 = (glszmsz sin 6g,
1 . .
+ ElsllSSms’a’ sSin 9523 _2l51l52m53 sin 952
1 . A
- Elsllszmsz sin 952) 651

- (lsz ls3mygs sin 953 +l51l53mg3 sin 9523) 053
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VSIZ = _951 (151l53m53 sin 9523
+ 2151 lsmg3 sinb, + L1 lsomy; sin 6)

1 : [
N (Elh lssmss Sln9523 Hlsalsamss sin 052
1 : ]
+ Elsllszmsz sin 052) 952
- (lsz ls3ms3 sin 953 + lsl ls3ms3 sin 9523)953
V513 = E (lSZ lS3m.S‘3 sin 983 + lslls3ms3 sin 0523)053
— 12 1 [ :
Vsle = E(lszmSZ sin 952 + lslls3ms3 sin 0523)051
- lszls3m53 sin 953 053
Vsaz = —lsplszmgs sin 953 053
1 : ]
Vs23 = —lsals3mys sin b, 0,
1 ; 1 [ ]
VS31 = (EZSZ lS3mS3 Ssin 053 + El51153m53 sin 9523) 651
) + lsz l53m53 sin 653 052
— ] ] 2
Vszo = Elsz l53m53 sin 053 952
Vsaz = 0.

At this point it should be noted that, the remaining elements of M can be reached via

its symmetry.
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2.3 Modeling of Parallel Robotic System

Since the parallel robotic system is a 5 DoF robot manipulator that contains both of
revolute and prismatic joints and two independently movable end effectors into its
structure, the modeling study presented in this chapter is specified for this type of
system. The Lagrange formulation is used to obtain the dynamic model, and the
modeling steps and the mathematical equations obtained for each step are given in a
detailed manner. At this point it should be noted that all dynamic models are
presented parametrically in the following chapters. Obtaining a model structure
where the possible changes in the parameters of robot manipulators (link masses,
used material, link lengths and etc.) can easily be applied is the main purpose of this

presentation.
2.3.1 Lagrange Formulation

The Lagrange formulation used to obtain dynamic model terms is given as

K
pj pj i=1 Pj
where i =1,k and j=1,---,n. In (2.21), 9p]. € R represent generalized
coordinates, Tp; € R represent actuator torques and forces, A; € R represent
Lagrange multipliers and /; € R represent constraint functions. Manipulator’s
kinetic energy and potential energy are denoted by K and U € R, respectively while
the definition L £ K — U is utilized. Moreover, k € R denotes the total number of
constraint functions, and n € R denotes the total number of generalized coordinates.

The Lagrange formulation in (2.21) can be decomposed into a total of n equation sets

that can be expressed as

S an, dfoL\ oL
Zﬂ“iae ~at\ae. ) o, P
i=1 Pj pj Pj

. (2.22)
_d (oL daL 2/1 or;
i T qe 06, ) 06y, '00,,

=1
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Kinetic energy of the system is expressed as

n
1
k= Ez [Ipiwpiz + mpi(F.’miu2 + Pmivz)z]
= (2.23)

1. .
= E Hp M Hp
where P, and P, € R represent u and v component of linear velocities of i™ link

respectively and w,,, € R represents the angular velocity of the i"™ link.

Potential energy of the system is expressed as
n
U= Z My Ghmi = gm," H (2.24)
i=1

where h,,; € R is the height of the link centers of gravity with respect to the global
reference system, m,, £ [m,q, My, ..., mpn]T € R" is the vector containing the mass

of links, H 2 [R,1, Rz, - » hpn]T € R™ represents the vector containing the heights.

The part containing the constraint functions in (2.21) is expressed as

[61“1 ark]
k an agm agm /11
Z/Iiag o N I E (2.25)
i=1 Pj [61] aFkJ A

20, 29,

Finally, equation of motion produced according to Lagrange method can be obtained

as follows by substituting (2.23)-(2.25) in (2.21)

61—'1 cee aFk
Mép+Mg'p_a_K+a_U+[aegpl agfpll /11 =T, (2.26)
%" %" \or, ﬂ} A
agpj agpj
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2.3.2  Derivation of the Dynamic Model of 5 DoF Revolute
Prismatic Joint Robot Manipulator via Lagrange

Formulation

To obtain the dynamic model of SDoF robot manipulator, kinetic energy in (2.23) is

rearranged as

K—léTI 6 19TFTI Fo6 19TXT X6
=3 p115 p+§ pl Is7 p+§ pA MyAd 0y (2.27)
+§9£YvaY6p
where
. . . . . 7 . T
Gp L [le,ﬁpz,dl,epl ,sz
[lp, tp, 0 0 O 0
0 I, +1,0 0 0
s & 0 o O 0 0
0 0 0L, +L, O
L0 0 0 0 lpth,]
]57 A Ips + Ip7 0
0 Ips + IP7
Z Z, Z o,
F é Wl Wl Wl
0 0 Ze Z, Z,
W2 WZ WZ
1, .
—751n6’pI 0 0 0 0
. 1, .
—lpsm&Pl —7s1n6?p2 0 0 0 (2.28)
I, . .
——4-sin <9pI - lp sin QPZ 0 0 0
I, .
0 —TSIHHM 0 0 0
—lpsmé’p] —lpsme2 0 0 0
0 —%sinﬁp 0 0 0
X 2 . s .
—| Z;sing, Zgsing,  Zgsing, 0 0
0 0 0 —7"sint9,;1 0
0 0 0 lpsin(91;2 —7”s1n(9[’7
0 0 0 —%sm@}'y —lps1n9]'7
I .
0 0 0 0 —7s1n¢9p2
0 0 0 —lpsmef’,2 —lpsm¢9}’7
0 0 Z,sing, Z,sing  Z,sing,
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“cosh, 0 0 0 0
IP
lp cos 91,1 5 Cos 191)2 0 0 0
%”cos 6’p1 lp cos 6’}72 0 0 0
IP
0 cos 191)2 0 0 0
lp cos le lp cos 6?” 0 0 0
v 0 %”cos sz 0 0 0
~{Z,cos4, Zscosp, Z,cosg, 0 0y
1, ,
0 0 0 Zcos 9[)1 0
' lp !
0 0 0 lp cos sz - cos sz
0 0 0 %’cos 9[’,2 / , €08 49,’,2
1, ,
0 0 0 0 Scos sz
0 0 0 [, cos 491’]2 [, cos (91’]2
0 0 Z,cosg, Z,cos¢, Z,cosg, |

At this point it should be noted that W;, and Z; for i = 1,---,12 are given in a
detailed manner in Appendix A.

From (2.23), (2.27) and (2.28) the inertia matrix M € R>*> can be obtained as

M, =I5+ FTIg;F + X"m,X + Y™m,Y (2.29)

and the term Mp ép can be obtained as follows from the time derivative of (2.29)

[0Mp11 OMp15]
a0, 20,

X R [
L 96, 06p, |

M,0, = : (2.30)

69191 agm

6y P |6,
L 96, 06p, |
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From (2.27) and (2.29) it can be seen that the term ;?K can be expressed as
p

—aMpll_ _aMp15"
. 00,, . 00,,
0y : S :
aMp15 aMpss
ok 1 | 06, | | 06, | '
— == : : 6. (2.31)
06, 2 [OMpy14] [OM)15T
26, 26,,
ar : . T :
14 : 14 *
OM,s OMs55
| 06, | | 06, ]

The Centripetal-coriolis matrix C, € R5*> specified for 5 DoF robot manipulator can
be obtained as follows by using (2.29)-(2.31) in (2.26) and considering this result
with the general form in (2.1)

aMpll T [ aMpls
aem 09p1
61 ; gl ;
aMpll _ aMpls 2 aMp15 _ aMp55
1 | 691’,2 aepl | | 69,;2 aepl |
C == : : .
p _ ’ - _ ’ - 2.32
2 aMpls _ 6Mp11 2 aMpSS _ aMplS ( )
. 69,01 69{,2 . aepl 69{,2
Oy : e Oy :
OMy;s OMys5
89;,2 | | 69;,2

The vector of gravatitional forces G, € RS specified for 5 DoF robot manipulator can

be obtained as follows by using (2.24) in the general form in (2.1)

G_aU ou ou ou au "

= 233
»~ (36, a6, ad, 06, 36} (2.33)

P1 P2

where the derivative of the constraint equations according to the system actuator

variables are zero and 7 is the zero vector.
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By using (2.27)-(2.32) in (2.26), compact form of the dynamic model of 5 DoF robot

manipulator can be obtained as

M6, + V,(6,,6,)0, = 1, (2.34)
where ¥, € R> is a matrix that is used for the definition given as V,6, £ C,0, +

K+ 9Y At this point it should be noted that dimensions of the all

Gy = MpOp = 55~ + 36,

terms in (2.34) are assumed to be adjusted according to a 5 DoF robot manipulator

that contains both revolute and prismatic joints.

The following computations can be used to reach elements of the inertia matrix M,

and the matrix V, given in (2.34)

n ((Ips + IP7)(Zl)2) + lzz)mp3 + lzszpl

Mot Zhos o Wy? 4 7zt 12m,
dimy;(Z1)?
+lomes e
M. = (Ips + 1,,)(Z1)(Z,) N 12m,y; cos(6,, — 6,,)
p12 T -
12ms cos(6,, — 6,,)
pMp3 b b
+ > 1 22+ 12mys COS(Qp1 —sz)
dgmlﬂ(zl)(zz)
(2w,)?
l,cos@
(Ips + Ip7) (dz + l,cos 0, + PT1W> 7
Mpyi3 = — o
l,cos@
d%mm sin? bp (dz + l,cos 6, + pTlpz> 7y (2.35)
- 2Wy
My =0
Mp15 =0
(I + 1 )(Z )2 I2m 2m
— p P 2 pMp2 2my,
Mypy = I, + I, + = (W17)2 2 + 1imys + 5
dimy;(Z,)?
+ 215mys + Ty
l,cos@
p P
o (gt 1) (dz + L,cos6, + T) Z
Mp23 - W1
l,cos@
(d%mm (dz + l,cos6, + pTlpz> Zz)
- 2Wy
M4 =0
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Mp25 =0
l,cos0,,
dscosgy(d; + L,cos0, + T)

2
l cost,
+ (Ips + Ip7)(d2 + 1,c0s6, + T)Z
1

lp cosepz) )
YW,

Mp33 = mp6 + mp ( - 1)2

dimy,sin®¢,(d, + Lycos6, +

+ 4
(L, + 1, )(Lycos6;, — dy + Lycos6,, )Z,
VVZZ
dimy,; (1,cos6, — dy + ly,cos6) )7,
(2W,)?
N d3my,; cos ¢pp Zy
20,

Mo Mo = (Lys + L, ) (L, cos 6}y — dy + L, cos 0),)Z,
p35 — Mp53 — VVZZ

p

d3my; (1, cos 0y — dy + 1, cos 6,,)Z,
- (2W,)?
(dsmy; cos ¢p)Z,
20,
(Ip + Ip,)(Z3)* n L5 My
W, 4
dgmp7(z3)2
(2w,)?
B (Lyg +1,)Z3Z,  d?my,;Z5Z,  12my, cos(6), — 6, )
pas w2 4 (W,)? 2
By cos(6}, ~ 8,

Mypsa = Ip, + Ly, +

2
+ lpmps +

+ 1pm,s cos(Gz’,1 - 02’,2)

(Ips + 1, )(Z0)* | Ly

w2 7

dgmp7(z4)2
(2W,)?

Viig = vpli(élh’ épz’ dl’ 9p1’ 9192’ dl)

Voi  =0p2i(0p,,0,,,d1,60,.,0, ,d;)

Vs = Up3l(9p1'9pz'dlfez’n'ez’)z'epl'gpz' dy, 65,,65,)

Vaih = vp4l(9p1' P2’ dy,dy, 6; Py’ sz)

Vsi = Vpsi(6p,, 0 pz'dl'dl' 0p,:6p,)

2
lpm

4

p4

— 2
Myss = L,, + I, + + lymys +

2
+ lpmp5 +

where j = 1, -+ ,5 at this point it should be noted that further detail about the terms in
(2.35) can be found in Appendix B.The remaining elements of M,, can be reached via

its symmetry.
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Chapter 3

Controller Design and Analysis for

Robotic Systems

In this chapter, control designs realized for both robotic systems, theoretical analysis
of these control designs and performance demonstration of the designed controllers
in simulation and experimental studies are presented. At this point it should be noted
that two different robust adaptive controllers one of which is realized in joint space
while the other one is realized in task space are designed for both robotic systems.
Theoretical analysis of the designed controllers is realized via Lyapunov based
arguments while their efficiency and performance are tested in simulation and
experimental studies. Dynamic models obtained in Chapter 2 are utilized to conduct
simulation studies while experimental studies are realized on experimental setups
produced within the scope of the project in which this study is included. Providing
multiple options that can be used for the control of robotic systems used as
supportive systems in cochlear microrobot surgical operations is the main reason for

the control design in both joint and task space.

It should be noted that the ascept which movement of the joints of both manipulator
systems are ensured via current driven direct current motors and there is a linear
relationship between torque and current is accepted as valid during the control
designs by considering the experimental setup.This relationship was experimentally
obtained. All the details about obtaining this relationship are given in the Appendix
C.
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3.1 Robust Adaptive Control Design for Serial Robotic
System

In this chapter, two different control designs are presented for the serial robotic
system that contains two independent 3 DoF RRR serial robot manipulators. The
main objective of this system is to control the position of the microrobot by utilizing
the magnetic field created with the help of magnets located at the end effectors of the
mentioned robot manipulators. However, to ensure the permanence of the created
magnetic field and its effectiveness on the microrobot, the movements of robot
manipulators must be continued so that the distance between their end effectors is
always protected. The successful operation of the system is possible with the
synchronous control of the positions of the end effectors. To achieve this goal, the
main control objective is determined as the end effector of one of the two structurally
identical robot manipulators to follow the desired trajectory, and the end effector of
the other to operate synchronously with respect to the first end effector by keeping

the distance between the two end effectors.

From the control purpose, it can be reached that the main task is determined in the
space of end effector and this space is called as task space. There are two possible
approaches to realize a trajectory tracking in the task space. In the common approach
frequently encountered in the literature trajectory of the joint space is obtained
according to the desired trajectory of the task space via inverse kinematic and the
control design is realized in the joint space. In another approach that has recently
been encountered in the literature, the control design is directly realized in the task
space. All approaches are presented in this chapter. Robust control design is
preferred to take the advantage of the structure that is able to cope with parameter
uncertainties, parameter changes and external disturbances. To deal with possible
high control effort necessity of the robust controllers its structure is supported via
adaptive compensations and as a result of these robust adaptive control designs are
realized for both joint space and task space controllers. At this point it should be
noted that the robot manipulators in the robotic system are primarily modeled and
their models are completely known. However, in the future, control designs

independent of model knowledge are aimed due to the possible negative effects that
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situations such as possible changes in experimental systems, system dynamics that
cannot be modeled, disturbances and etc. can cause in the control signal and process.

For this purpose, robust adaptive control designs are proposed for both cases.

The following items are accepted as valid during the control designs by considering

the experimental setup:

e The angular position and angular velocity of all joints are measurable.

e The position and velocity of the end effectors of both robot manipulators are
measurable.

e All measurable system states are known by the other robot manipulator.

e The control input signal is sent to both robot manipulators via the same

computer with an equal amount of time delay.

In the following subsections, control designs, related analyses and performance
verifications of designed controllers are presented in a detailed manner. The most
important thing to consider here is that, although the control objectives are common,
the two controller structures are different completely different it and realizing a
performance comparison between them is not an appropriate approach. Obtaining
more than one controller designs that are available for the experimental system and
are suitable for achieving the control objective is the main aim of realizing the

trajectory tracking in both joint space and task space.
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3.1.1  Joint Space Control of 3 DoF RRR Serial Manipulator

The main purpose of the joint space control is to reach the tracking trajectory in the
joint space by using inverse kinematics in order to find the equivalent of the tracking
trajectory determined in the task space. And then, a control design that makes the
difference between the angular positions of the joints and the determined trajectory
to zero is proposed. Robust control design approach is preferred to cope with
parametric uncertainties. However, as can be seen from the literature, the biggest
challenge of this type of control design is the possibility of needing a higher control
effort. To overcome this issue, the designed robust controller is supported with

adaptive compensations, which is a frequently preferred approach in the literature.

3.1.1.1  Model Properties

The dynamic model in (2.19) is used with the following skew-symmetry and
boundedness properties that are valid for all robot manipulators having an identical

structure with robot manipulators used in this study

RT (3M;—V,)h =0,vh € R®. 3.1)

At this point it should be noted that, the robotic system consists of two robot
manipulators having the identical structure. Since the proposed control design is
independent from system parameters, it is a valid control design for all structurally
identical robot manipulators. For this reason, the control purpose can be achieved by
applying the control design made on the model given in this chapter to both robot
manipulators. Owing to this issue the control designs proposed in this chapter are
given by considering the general structure given in (2.19) and at the end of the
control design process a controller that can be used for the control of both robot
manipulators included in the serial robotic system. The only notation specification is
made in the simulation sections to show the control gains of two robot manipulators

separately.
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3.1.1.2  Error System Development

The tracking error is defined as the difference between the desired trajectory
obtained via inverse kinematics from the desired of the end effector and the
measured positions of the joint angles. The mathematical expression of the tracking

error is given as

e, £ 0, — 6, (3.2)

Sd

where 6, € R3 denotes second order differentiable, bounded, and sufficiently

smooth desired trajectory. Boundedness of the desired trajectory and its first and
second order time derivatives are other properties that are utilized in the control

design. An auxiliary error term denoted by 7, € R3 is defined as

T, 2 6, + .6, (3.3)

where a, € R3*3 is a positive definite, diagonal and constant gain matrix. The
following expression can be obtained by premultiplying the time derivative of (3.3)

is with My and and adding the term V;7, to the both sides of the resulting equation
M7, = fq, — Ts — VsTe — € (3.4)

where (2.19) and (3.2) are utilized. An auxiliary term f,, € R3 is defined as
fa, & MO, + Vibs + Vit + Msa 6, + e (3.5)

For the following steps of the controller design and analysis, this auxiliary can be

decomposed as
fde = Ye(es' ésr ésd' ésd)(»be (3.6)

where Ye(HS, 0, 6, d,és d) € R3™ denotes the regression matrix containing the

certain and measurable terms while ¢, € R" indicates the uncertain constant vector

containing the system parameters. To cope with the mentioned uncertainty, an adaptive
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compensation terms ¢, € R™ is utilized and the adaptive compensation error ¢, € R

1s defined as
956 = ¢e - $€' (3'7)

By substituting the (3.6) and (3.7) into (3.4), the open loop error system can be

obtained as

Msf.e = Ye (65' 95' ésd)gge + Ye (65' éS' ésd)@e —Ts— Vsre — € (3-8)

3.1.1.3  Control Design

Control input is designed as

1 = Y, + G,1, (3.9)

where G, € R3*3 denotes the positive definite, constant and diagonal control gain
matrix. The closed loop error system required for stability analysis can be obtained

as follows by substituting the designed controller in (3.8)

Mt = Y,(6s, 05,05, ) e — Vite — GoTp — €. (3.10)

After that point the analysis can be continued with the stability analysis.
3.1.1.4  Stability Analysis

Theorem 1: The global asymptotic stability of the closed loop error system

mathematically expressed as

llee(Olli,, and |7 (Oll;,, » Oast =0 3.11)

can be provided via the control design in (3.9) .

Proof: The nonnegative Lyapunov function candidate Ve(ee, Te, $e) € R is selected

as
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1 ~ T ~
Ve = E(egee + 10 M1y + @ ¢e)' (3.12)

Time derivative of the Lyapunov function can be obtained as

) -~ T B
Ve = eg(re - aeee) - reTGere + ¢ [_¢e + YeTre]

1. (3.13)
+ 7T (E M, — Vs) r,—1le,
where (3.3), time derivative of (3.7) and (3.10) are utilized.
If the adaptive compensation ¢, is updated according to the following rule
bo = YIr, (.14)

and the skew-symmetry property in (3.1) are utilized, (3.13) can be upper bounded as

Ve < —Bellz|l (3.15)

where ., € R denotes the positive constant defined as

R . 3.16
IBe = _mln{/lmin(ae)rlmin(Ge)} ( )
and the vector of combined error z, € R® is (3.16) is defined as

z, 2 el 7T (3.17)

In (3.16), A,,in (+) denotes the minimum eigenvalue of the matrix.

~

The boundedness of V, (e, re, de) can be reached from (3.12) and (3.15) and it can
be utilized to guarantee the boundedness of z,(t) and its elements (i.e., z,(t), e, (t)
and 7,(t) € L,). Standard signal chasing arguments can be utilized to show the
boundedness of the all of the remaining closed-loop operation signals. The
boundedness of 7,(t) and e.(t) can be utilized along with (3.3) to show the
boundedness of é(t) (i.e., é.(t) € L) and this results can be used to shown that
e.(t) is a uniformly continuous signal. Finally, it can be shown that z,(t) € £, from

the integration of both sides of (3.15) and it proves that e, (t) and z.(t) € £,. The

34



asymptotic tracking result in Theorem 1 can be obtained when all of these

boundedness statements are considered with the Barbalat’s Lemma [61].
3.1.1.5 Simulation Studies

The following link lengths and masses that were selected in accordance with the
experimental setup were used in the dynamic model in (2.19) for the simulation
studies

lsy = lsz = 0.105m, 3 = 0.04m (3.18)

mg, = 95.18 g,mg, = 78.78 g,my3 = 11.19 g.

At this point it should be noted that the dimensions given in (3.18) are same for both
of the robot manipulators in the serial robotic system. The desired trajectory of the

first robot manipulator denoted by 6 . € R3 was determined in the joint space as
1

follows, and the desired trajectory of the second robot manipulator was adjusted to
follow position changes in the first robot manipulator while maintaining the distance
between the end effectors

81.14 — 3.007 cos(0.632t ) — 0.129 sin(0.632t)
05, (t) =|71.02 = 7.08205(0.632¢ ) + 0.095665in(0.632t)
' 117.8 — 4.074c0s(0.632¢t ) + 0.03005sin(0.632t)

[deg]

The initial position of the first robot manipulator was selected as Hsml(O) =

(3.19)

[73 83 110]7[deg], and the initial position of the second robot manipulator was
selected as 65 (0) = [110 —128 100]7[deg]. Controller gains were selected as

follows via trial-and-error method for both robot manipulators

e, , = diag{5,4,3}

Ge.. = diag{ 0.05,0.04,0.003} (3.20)

€1,2

where a,, and G,; € R3*3 denotes the gain values adjusted for i*" robot manipulator

fori =1 and 2.
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Desired trajectories and actual positions are shown in Figures 3.1 and 3.2 for the first
and second robot manipulators, respectively. Tracking errors are shown in Figures
3.3 and 3.4 for the first and second robot manipulators, respectively. From Figures
3.1-3.4, it can be seen that the control objective was met. Torques applied to the
joints of the first and second robot manipulators are shown in Figures 3.5 and 3.6,

respectively.
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Figure 3.1: Desired vs. actual positions of the first robot manipulator’s joints
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Figure 3.2: Desired vs. actual positions of the second robot manipulator’s joints
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Figure 3.3: Tracking error of the first robot manipulator’s joints
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Figure 3.4: Tracking error of the second robot manipulator’s joints
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Figure 3.5: Control input torques for the first robot manipulator joints
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Figure 3.6: Control input torques for the second robot manipulator joints
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Figure 3.7: Adaptive compensation terms for the first robot manipulator
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Figure 3.8: Adaptive compensation terms for the second robot manipulator

3.1.1.6  Experimental Results

Performance of the designed controller was tested on the experimental setup by
keeping the desired trajectory, initial positions and control gains identical with the

simulation studies presented in Chapter 3.1.1.5.

Desired trajectories and actual positions are shown in Figures 3.9 and 3.10 for the
first and second robot manipulators, respectively. Tracking errors are shown in
Figures 3.11 and 3.12 for the first and second robot manipulators, respectively. From
Figures 3.9-3.12, it can be seen that the control objective was met. Torques applied
to the joints of the first and second robot manipulators are shown in Figures 3.13 and

3.14, respectively.
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Figure 3.9: Desired vs. actual positions of the first robot manipulator’s joints

100 I I L 1 I I 1
0 10 12 14 6 18 20

"Time [second]

Figure 3.10: Desired vs. actual positions of the second robot manipulator’s joints

12 14 6 18 20

ETime [gecond]

Figure 3.11: Tracking error of the first robot manipulator’s joints
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Figure 3.12: Tracking error of the second robot manipulator’s joints
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Figure 3.13: Control input torques for the first robot manipulator’s joints
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Figure 3.14: Control input torques for the second robot manipulator’s joints
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3.1.2  Task Space Control of 3 DoF RRR Serial Manipulator

Different from the joint space control the desired trajectory of the first manipulator
can directly be determined in terms of position of the end effector. Owing to this
issue, inverse kinematic can be avoided and the control purpose can directly be
determined in the space where the main study is realized. To determine the control
purpose in the task space, the task space must also be included in the dynamic model.
This situation is possible by using a two-stage model whose first stage is the dynamic
model given in (2.19) and second stage is another dynamic equation that give the
transition between joint and task spaces. In this chapter, the backstepping control
design approach is used, considering the suitability of the approach for the control of
systems with multiple stage models. In accordance with the purpose of the mentioned
approach, a virtual control input is designed to obtain the zero convergence of the
tracking error defined in the task space, and it is shown that the control objective can
be achieved when the designed controller is substituted with one of the system states.
Then, the control signal is designed to make the error between the virtual control

input and the system state used to instead of this input zero.
3.1.2.1 Model Properties

To include the task space into the dynamic model of 3 DoF revolute joint serial robot
manipulator, the dynamic model in (2.19) is used with the forward kinematic model

given as
xs = f(65) 3.21)

where x; € R3 represents end position of the end effector in Cartesian coordinate
systems and forward kinematics model is given with the function denoted as
f:R3 > R3. Time derivative of (3.21) can be expressed with Jacobian matrix
Js(65) € R

%5 = J5(65)0s (3.22)

where the Jacobian matrix of the each of the robot manipulators is defined as
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-l sinf, -1 sin@ -1 sinf, —I sinf_—I sinf_ —I sinfd
R s 5 Sy S23 5 513 S $23 3 S123 53 5123 (3 23)

Js(85) = I, cosO +1 cos® +I cosf [ cos® +I cosf [ cosO

1 1 1

The two stage dynamic model, whose stages are given in (2.19) and (3.22),
respectively, are used for the control design presented in this chapter. Moreover,
skew-symmetry property given in (3.1) and the availability of the Jacobian matrix in
(3.23) are utilized. At this point it should be noted that, availability of the Jacobian
matrix is commonly preferred approach in the task space control design of robot
manipulators and since the Jacobian matrix just contain measurable angular positions
and link lengths it doesn’t disrupt the robustness of the designed controller.
Invertibility of the Jacobian matrix for all system states is another property that is

used in the control design.
3.1.2.2  Error System Development

The tracking error is defined as the difference between measured position of the end

effector and the tracking trajectory.

A
€y £ Xg — Xg

g 2 (3.24)

d

where X, € R3represents one times differentiable, bounded, and smooth enough

tracking trajectory. Boundedness of the desired trajectory and its first order time
derivative are other properties that are utilized in the control design. The difference
between virtual control input and angular velocity is defined as an auxiliary error

term that is given as

e, 26, —1, (3.25)

where 1, € R3 represents virtual control input. The following result can be obtained

when (3.22) is substituted in the time derivative of (3.24)

ég = Js0s — x5, (3.26)

44



The virtual control input is designed as

Ty = J5 (Xs, — Ggeg) (3.27)

where G, € R**3 is a positive definite, constant and diagonal gain matrix. If the

virtual control input in (3.27) is substituted with 8, in (3.26) the following result is

obtained

ey = —Gyeg (3.28)

The error system in (3.27) can be considered as a closed loop error system and a
preliminary Lyapunov-like analysis can be realized onto it. For this analysis, a non-

negative Lyapunov function candidate defined as

1
v, & > es €y (3.29)
Time derivative of (3.29) is obtained as
V, = —elGgeg (3.30)

where (3.28) is utilized. This result is enough to show that, so that the control
objective is met. However, to make the analysis in (3.29) and (3.30) a valid analysis,
zero convergence of the auxiliary error term defined in (3.25) must be obtained.

After this point, necessary analysis is made to guarantee this situation.

The time derivative of (3.25) is premultiplying with Mg and (2.19) and (3.24) are

utilized in the resulting equation to obtain the open loop error system given as

Mé, = f, + 15 — Ve, (3.31)

where Ve, is added to both sides. The auxiliary term fg(HS, O, x5 2 Xs g Xs d) € R3 is

defined as

fg = _Vsés + Vsey, — Ms[js_l(xsd - Ggeg) +]s_1(5ésd - Ggég)] (3.32)
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The auxiliary term in the above equation can be decomposed as

fg = Yg(GS: és’xsd'xsd'jésd)d)g (333)

In equation (3.32) Yg(Hs, 0, 05 d) € R3*™ structure shows the regression matrix

containing the fully known only measurable terms and the trajectory, while ¢, € R™

indicates the uncertain vector containing the constant system parameters. To cope with

the mentioned uncertainty, adaptive compensation of uncertainty is used and adaptive

compensation error QBQ € R™ is defined as

~ ~

by = by — g (3.34)

By substituting the equations (3.33) and (3.34) into (3.31), the open loop error

system can be obtained as

Msév = Yg(gs' éS’ ésd)qgg + Yg(es' és' ésd)(ﬁg + 75— Vsev (3-35)

3.1.2.3  Control Design
Control input is designed as follows

Ty = =Y,y — Gey (3.36)
where G, € R3*3 denotes the positive definite, constant and diagonal control gain

matrix. The closed loop error system required for stability analysis can be obtained

as follows by substituting the designed controller in (3.35)
Msé, = =Y, — Gye, — Vie,,. (3.37)

After that point the stability analysis can be continued with the stability analysis.
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3.1.2.4  Stability Analysis

Theorem 2: The global asymptotic stability of the closed loop error system

mathematically expressed as

leg®|, and lle,®ll;,, » 0ast >0 (3.38)

can be provided via the control design in (3.36) .

Proof: The non-negative Lyapunov function candidate I{'g(e,,, eg,¢~>g) ER is
selected as

1 T
v, =V, + E(engev + by by) (3.39)

Time derivative of the Lyapunov function can be obtained as

. ~ T A
V, = —eg Gy ey — ey Gae, + ¢y [—qbg + YgTev]

1 . (3.40)
+ el (EMS — V;) e,
where (3.30), time derivative of (3.34) and (3.37) are utilized.
If the adaptive compensation ¢3g is updated according to the following rule
¢3g =Y[le, (3.41)

and the skew-symmetry property in (3.1) are utilized, (3.40) can be upper bounded as
Vo < =Byl (3:42)
where f; € R denotes the positive constant defined as
By 2 —min{An(Gy), Amin(Ga) } (3.43)
and z; € RS is the vector of combined error defined as

zg2 el el]. (3.44)
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The boundedness of Vj (e, I, $e) can be reached from (3.39) and (3.42) and it can
be utilized to guarantee the boundedness of z,(t) and its elements (i.e., z,4(t), e4(t)
and e,(t) € L,). Standard signal chasing arguments can be utilized to show the
boundedness of the all of the remaining closed loop operation signals. Finally, it can
be shown that z,(t) € £, from the integration of both sides of (3.42) and it proves
that e, (t) and z,(t) € £,. The asymptotic tracking result in Theorem 2 can be
obtained when all of these boundedness statements are considered with the

Barbalat’s Lemma [61].
3.1.2.5 Simulation Studies

Dimensions of the robot manipulators were used as given in (3.18). The desired
trajectory of the first robot manipulator was determined in the task space as follows,
and the desired trajectory of the second robot manipulator was adjusted to follow
position changes in the first robot manipulator while maintaining the distance

between the end effectors

0.03cos(a)] [ ™M
Xsy = [0.0SSin(al)] [ m ] (3.45)
mi
—90 deg

where

a,; = 0.2625 — 0.2587 cos(0.6285t ) — 0.00023 sin(0.6285t)  (3.46)

The initial position of the first robot manipulator was selected as

Xsm, (0) = [0.028 0.01 —103]"[m mdeg], and the initial position of the second
robot manipulators was selected as Xsm, (0) = [-0.0356 0.00083 92]"
[mmdeg]. Control gains were selected as follows for the first robot manipulator

via trial-and-error method

Gy, = diag{2,2,3}

Ga, = diag{0.06,0.06,0.007} (3.47)

Control gains were selected as follows for the first robot manipulator via trial-and-

error method

Gy, = diag{1.5,1,1}

G, = diag{0.1,0.05,1} (3.48)
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Desired trajectories and actual positions of end effectors of the first and second robot
manipulators are shown in Figures 3.17 and 3.18 against time, respectively. The
movements of the end effectors in Cartesian coordinate system can be seen in
Figures 3.19 and 3.20 with their desired movements in Cartesian coordinate system.
Tracking errors for the tracking of end effectors are shown in Figures 3.21 and 3.22
for the first and second robot manipulator, respectively. From Figures 3.17-3.20, it
can be seen that the control objective was met. Torques applied to the joints of the
first and second robot manipulators are shown in Figures 3.23 and 3.24, respectively.
Adaptive compensation of the first and second robot manipulators are shown in

Figures 3.25 and 3.26, respectively.
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Figure 3.17: Desired vs. actual positions of the first robot manipulator’s end effector
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Figure 3.18: Desired vs. actual positions of the second robot manipulator’s end
effector
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Figure 3.19: Desired vs. actual positions of the first robot manipulator’s end effector

10 &
o @ Actual ||
® Desired
L]
— °
E L]
sl [ ]
£ °
2
= °
Q
L
=
s
=
P
15 L . ) .
004 0038 003 004 0032 003 0028 0026 0024 002

Xdirection [m]

Figure 3.20: Desired vs. actual positions of the second robot manipulator’s end
effector
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Figure 3.21: Tracking error of the first robot manipulator’s end effector
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Figure 3.22: Tracking error of the second robot manipulator’s end effector
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Figure 3.23: Control input torques for the first robot manipulator’s joints
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Figure 3.24: Control input torques for the second robot manipulator’s joints
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3.1.2.6  Experimental Results

Performance of the designed controller was tested on the experimental setup by
keeping the desired trajectory, initial positions and control gains identical with the

simulation studies presented in Chapter 3.1.2.5.

Desired trajectories and actual positions of end effectors of the first and second robot
manipulators are shown in Figures 3.27 and 3.28 against time, respectively. The
movements of the end effectors in Cartesian coordinate system can be seen in
Figures 3.29 and 3.30 with their desired movements in Cartesian coordinate system.
Tracking errors for the tracking of end effectors are shown in Figures 3.31 and 3.32
for the first and second robot manipulator, respectively. From Figures 3.27-3.32, it
can be seen that the control objective was met. Torques applied to the joints of the
first and second robot manipulators are shown in Figures 3.33 and 3.34, respectively.
Adaptive compensation of the first and second robot manipulators are shown in

Figures 3.35 and 3.36, respectively.
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Figure 3.27: Desired vs. actual positions of the first robot manipulator’s end effector
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Figure 3.30: Desired vs. actual positions of the second robot manipulator’s end
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Figure 3.31: Tracking error of the first robot manipulator’s end effector
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Figure 3.32: Tracking error of the second robot manipulator’s end effector
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Figure 3.33: Control input torques for the first robot manipulator’s joints
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Figure 3.34: Control Input Torques for the Second Robot Manipulator’s Joints

0 2 4 & & 10 12 1 16 13 2
‘ e ] ] ] | I I I
< ’-Dﬂﬁt
Q. | | | | I S ——— ! -
~ 0 2 4 6§ 1] 10 12 % 16 13 2
ag]
) b‘”gt — \ \ \ \ \ \ \ {
Q. | | l I P — : !
v 0 2 4 § £ 10 12 i 16 13 A
ﬂ
=~ ' ! [ E— [ [ I — [ T
S —
Rl | | | | | | |
A 0 2 4 & & 10 12 1 16 13 il
18
1 ol
- P — [ | | [ I I I
Qs | | ! | | — ‘ ‘
0 2 1 § £ 10 12 i 16 13 il
) t‘annst - ‘ ————=— T - T T
' | | | | - \ | !
v 0 2 4 § & 10 12 % 16 13 il
5 i i i I \ \ i e p—
¢ szk ﬂ
%_ ) —— ! | | | | |
0 2 4 6§ 1] 10 12 % 16 13 2
0 005
(D I I [ l I [
‘6_ — [ [ [ [ | | |
0 2 4 [ ] 10 12 % 16 13 2
o]

005 T T T T I [ I e —
(R r | I | W
\e_ ' 1 | | | |

0 2 4 6§ 1] 10 12 % 16 13 2
Q
¢ :_Dml: I — I - ] ] | I I i
\Q:‘-Mz | | | | 1 I : R —
N 0 2 4 § & 10 12 % 16 13 il

Time second

Figure 3.35: Adaptive compensation terms for the first robot manipulator
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3.2 Robust Adaptive Control Design for Parallel
Robotic System

In this chapter, two different control designs are presented for the parallel robotic
system that contains a 5 DoF robot manipulator that contain both of revolute and
prismatic joints and two independently movable end effectors into its structure. The
main objective of this system is to control the position of the microrobot by utilizing
the magnetic field created with the help of magnets located at the mentioned end
effectors. However, to ensure the permanence of the created magnetic field and its
effectiveness on the microrobot, the movements of the end effectors must be
continued so that the distance between them must always be protected in a tracking
rule. The successful operation of the system is possible with a feasible control
design. As it can be seen from the dynamic model in (2.38), the structure of the
parallel robotic system is considered as a 5 DoF integrated structure and the control
problem must be solved by considering this issue.

Similar with the serial robotic system it can be considered that the main task is
determined in the space of end effectors and this space is called as task space and,
similar to control designs realized for the serial robotic system, a task determined in
this main space can be realized via joint space or directly in the task space. Each of
approaches is presented in this chapter. Robust control design is preferred to take the
advantage of the structure that is able to cope with parameter uncertainties, parameter
changes and external disturbances. To cope with possible high control effort
necessity of the robust controllers its structure is supported via adaptive
compensations and as a result of these robust adaptive control designs are realized
for both joint space and task space controllers. At this point it should be noted that
the robot manipulators in the robotic system are primarily modeled and their models
are completely known. However, in the future, control designs independent of model
knowledge are aimed due to the possible negative effects that situations such as
possible changes in experimental systems, system dynamics that cannot be modeled,
disturbances and etc. can cause in the control signal and process. For this purpose,
robust adaptive control designs are proposed for both cases.

The following items are accepted as valid during the control designs by considering

the experimental setup:
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e The angular position and angular velocity of all joints are measurable.

e The position and velocity of the end effectors are measurable.
In the following subsections, control designs related analyzes and performance
verifications of designed controllers are presented in a detailed manner. The most
important thing to consider here is that, although the control objectives are common,
the two controller structures are completely different it and realizing a performance
comparison between them is not an appropriate approach. Obtaining more than one
controller designs that are available for the experimental system and are suitable for
achieving the control objective is the main aim of realizing the trajectory tracking in

both joint space and task space.

3.2.1 Joint Space Control of 5 DoF Parallel Robot

Manipulator

The main purpose of the joint space control is to reach the desired trajectory in the
joint space by using inverse kinematics to find the equivalent of the desired trajectory
determined in the task space. And then, a control design that makes the difference
between the angular positions of the joints and the determined trajectory to zero is
proposed. Robust control design approach is preferred to cope with parametric
uncertainties. However, as can be seen from the literature, the biggest challenge of
this type of control design is the possibility of needing a higher control effort. To
overcome this issue, the designed robust controller is supported with adaptive

compensations, which is a frequently preferred approach in the literature.
3.2.1.1  Model Properties

The dynamic model in (2.34) is used with the following skew-symmetry property
that is valid for all robot manipulators having an identical structure with robot

manipulators used in this study

1,
hT (—Mp = V,,) h=0VheRS. (3.49)
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3.2.1.2  Error System Development

The tracking error is defined as the difference between the desired trajectory
obtained via inverse kinematics from the desired trajectory of the end effector and
the measured positions of the joints. The mathematical expression of the tracking

error is given as
e 26, —0, (3.50)

where 6, € R> denotes a second order differentiable and sufficiently smooth

desired trajectory. Boundedness of the desired trajectory and its first and second
order time derivatives are other properties that are utilized in the control design. An

auxiliary error term denoted by rr € R® is defined as
Tf 2 ef + (Xfef (351)

where of € R>*® is a positive definite, diagonal and constant gain matrix. The
following expression can be obtained by premultiplying the time derivative of (3.51)

is with M and and adding the term V,,7 to the both sides of the resulting equation
My7s = fa, — 1 = W7y (3.52)

where (2.34) and (3.50) are utilized. An auxiliary term f, ;€ RS is defined as
fa; 2 MpOyp, + V,0, + Vory + Myagéy. (3.53)

For the following steps of the controller design and analysis, this auxiliary term can

be decomposed as
fap = Y (6p, 0y, 6pa O ) B (3:54)

where Yf(é?p, ép, é?pd, ép d) € R5*™ structure shows the regression matrix containing
the fully known only measurable terms and the trajectory, while ¢ € R™ indicates

the uncertain vector containing the constant system parameters. To cope with the
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mentioned uncertainty, adaptive compensation of uncertainty is used and adaptive

compensation error (ﬁf € R™ is defined as

b5 = dp — P (3.55)

By substituting (3.54) and (3.55) into (3.52), the open loop error system can be

obtained as

Mpis = Y; (0, 0y, Opa) br + Yr(6p, 6, Opa)br — 75 — V1 (3.56)

3.2.1.3 Control Design
Control input is designed as follows
T, = Yes + Gpry (3.57)

where Gy € R5%5 denotes the positive definite, constant and diagonal control gain

matrix. The closed loop error system required for stability analysis can be obtained

as follows by substituting the designed controller in (3.56)

Myis = Y (0p, 0y, 0y, )P — Vo1 — Gy (3.58)

After that point the analysis can be continued with the stability analysis.
3.2.1.4 Stability Analysis

Theorem 3: The semi-global asymptotic stability of the closed loop error system

mathematically expressed as

ler @I, and [Ir@]|, ~0ast -0 (3.59)

can be provided via the control design in (3.57) for the selection of control gains

1
Amin(ay) and Apin(Gr) > >
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Proof: The nonnegative Lyapunov function candidate Vf(ef, I¢, $f) € R is selected

as
1 5 T3 3.60
Vf = E (e;ef + TfTMpT'f + ¢f ¢f) ( : )

Time derivative of the Lyapunov function can be obtained as

. ~ T A
Vr = ef (ry — arer) — 1{ Gery + @y [_¢f + YfTrf]

1 (3.61)
+77 (EMP - Vp) Ty
where (3.51), time derivative of (3.55) and (3.58) are utilized.
If the adaptive compensation (]Sf is updated according to the following rule
d*)f _ YfTT.f (3.62)

and the skew-symmetry property in (3.49) are utilized, (3.61) can be upper bounded

as
) (3.63)
Ve < =Brllzell
where ¢ € R denotes the positive constant defined as
. . 1 1

and the fact that %”ef”Z + % ||1'f||2 > ||ef||||rf|| 1s utilized. The vector of combined

error z; € R is (3.66) is defined as
T .17
zp 2 [ef 1f]. (3.65)

The boundedness of V¢ (ef, 17, $f) can be reached from (3.60) and (3.63) and it can
be utilized to guarantee the boundedness of z¢(t) and its elements (i.e., z¢(t), e (t)
and 75(t) € L,). Standard signal chasing arguments can be utilized to show the
boundedness of the all of the remaining closed loop operation signals. The

boundedness of 7(t) and ef(t) can be utilized along with (3.51) to show the
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boundedness of é;(t) (i.e., é(t) € L) and this results can be used to shown that
er(t) is a uniformly continuous signal. Finally, it can be shown that z¢(t) € £, from
the integration of both sides of (3.63) and it proves that ef(t) and z¢(t) € £,. The

asymptotic tracking result in Theorem 3 can be obtained when all of these

boundedness statements are considered with the Barbalat’s Lemma [61].
3.2.1.5 Simulation Results

The following link lengths and masses that were selected in accordance with the
experimental setup were used in the dynamic model in (2.34) for the simulation

studies

l, = 0.1lm,d, = 0.12m,d; = 0.19m,

Mp1 = Myy = Myz =My, = 0.25kg, (3.66)

mys = 1kg, mg = 0.136kg, m; = 0.364kg,

At this point it should be noted that the dimensions given in (3.66) are the same for
both side of 5 DoF parallel robot manipulator. The desired trajectory of the robot

manipulator denoted by 6, , € R> was determined in the joint space as

[ 0.39206t3 — 2.9415t2 + 142 ]'deg“
0.036t3 — 0.2255t% + 32.25 deg
6, = |—O.000195t3 +0.0015¢2 + 0.07075| m (3.67)
d !
[ epdl J deg
epdz | deg |

The desired trajectory of 6, dl,Hz', dy is a trajectory determined according to the

positions of the end effector of the first side of parallel manipulator system
(epl’
6,(0) = [131.5 29 0.073 43 150]". Control gains were selected as follows via

0,, and d,). The initial position of  the five bar is

trial-and-error method

o = diag{10,10,1,10,10}

Gr = diag{0.33,0.3,5,0.36,0.36} (3.68)

Desired trajectories and actual positions are shown in Figure 3.37. Tracking errors

are shown in Figure 3.38. From Figures 3.37 and 3.38, it can be seen that the control
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objective was met. Control input torques are shown in Figure 3.39. Adaptive

compensation is shown in Figures 3.40.
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Figure 3.37: Desired vs. actual positions of the parallel manipulator’s joints
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Figure 3.38: Tracking error of the parallel manipulator’s joints
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Figure 3.39: Control input torques for the parallel manipulator’s joints
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Figure 3.40: Adaptive compensation terms of parallel manipulator system
3.2.1.6  Experimental Results

Performance of the designed controller was tested on the experimental setup by
keeping the desired trajectory, control gains identical with the simulation studies
presented in Chapter 3.2.1.5. The initial position of the five bar is8,(0) =
[131.5 29 0.073 43 150]".

Desired trajectories and actual positions are shown in Figure 3.41. Tracking errors
are shown in Figure 3.42. From Figures 3.41 and 3.42, it can be seen that the control
objective was met. Control input torques are shown in Figure 3.43. Adaptive

compensation is shown in Figures 3.44.
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Figure 3.41: Desired vs. actual positions of the parallel manipulator’s joints
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Figure 3.42: Tracking error of the parallel manipulator’s joints
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Figure 3.44: Adaptive compensation terms of parallel manipulator system



3.2.2 Task Space Control of 5 DoF Parallel Robot

Manipulator

Different from the joint space control the desired trajectory of the robot manipulator
can directly be determined in terms of the position of the end effector. Owing to this
issue, inverse kinematic can be avoided and the control purpose can directly be
determined in the space where the main study is realized. To determine the control
purpose in the task space, the task space must also be included in the dynamic model.
This situation is possible by using a two-stage model whose first stage is the dynamic
model given in (2.34) and second stage is another dynamic equation that gives the
transition between joint and task spaces. In this chapter, the dynamic model of the 5
DoF robot manipulator is rearranged and in the final form a dynamic model that both
incudes the task space and joint space and provides an opportunity to determine the
control objective in the task space is obtained. Then, the control objective is tried to
be reached via the newly defined dynamic model. The non-square structure of the
Jacobian matrix of the robot manipulator controlled in this part of the study is the

main reason of the mentioned rearrangement.

3.2.2.1 System Model and Properties of Parallel Manipulator

The main property that separates the system model given in this chapter from the
system model given in the previous control design is included of the forward

kinematics model in the design.

xXp = f(6p) (3.69)

where x,, € R® denotes the end effector position in the cartesian coordinate system

p

and forward kinematics model is given the function denoted as f: R> — R®. Time

derivative of (3.69) can be expressed with Jacobian matrix J, (Hp) € R%*5 as

Xp =]p(9p)ép (3.70)

where the Jacobian matrix of the robot manipulator is defined as
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[~1,sind, —1,siné, 0 0 0
[,cos6, 1, cosb, 0 0 0
Z.sin Z,sin Z,sin 0 0
JACOES N b s 0 b 0 ’ ! ing o | G
—1,sin@,, -1, sin0,,
0 0 0 [,cos0, [, cosd,
0 0 Z,sing, Z,sing,  Z,sing, |

All other properties and definitions related to the model are used as

given in the

relevant subsection of the previous controller design of parallel manipulator.

An additional assumption used for the control design in this part is the invertibility of
the Jacobian matrix related termj;J, for all angular values. By using this

assumption, (3.70) can be rearranged as

) (3.72)

where the newly defined matrix denoted by A € R*® is defined as A = (/7 ]7[,)_1 15

The following result can be obtained by substituting (3.72) and its time derivative

into (2.34)

MyA%, + M,A%, + VA%, = T, (3.73)

At this point it should be noted that availability of the Jacobian matrix makes the
matrix A an available matrix and structure of this matrix makes ATA an invertible

matrix. After that point the following system state can be defined

xy & A%, (3.74)

and the following first order dynamic model, which will form the main of the

controller design, can be obtained by utilizing (3.74) into (3.73)

Myxy + Voxy = Ty (3.75)

From (3.75) it is clear that after that point the control objective x, — x;,, can be
determined in terms of xy as long as xy, € RS is selected properly and xy — xy p

result is obtained. Appendix D can be examined to seek the detailed information
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about this issue. At this point it should be noted that into the mentioned control

objective xy, denotes the desired trajectory for xy.

3.2.2.2  Error System Development

The tracking error is defined as

eq = Xy, — Xy (3.76)

where Xy, a first order differentiable and sufficiently smooth desired trajectory.

Time derivative of (3.76) is premultiplied with M to obtain the following result

Mpéd = fgd — Tp - Vped (377)

where (3.75) and (3.76) are utilized and V, e, is added to both sides of the resulting

equation. The auxiliary term f;  (6,, ép, Xng Xny) € R® is defined as

fy = Mpiy, + Voxy + ey (3.78)

For the following steps of the controller design and analysis, this auxiliary can be

decomposed as

foa = Ya(6p, 0y, Xy vy ) b (3.79)

where Yd(ep, ép,XN d,)'(N d) € R®*k denotes the regression matrix containing the

certain and measurable terms while ¢; € R¥ indicates the uncertain constant vector
containing the system parameters. To cope with the mentioned uncertainty, an adaptive
compensation terms ¢, € R¥ is utilized and the adaptive compensation error qu € R¥

is defined as

Pa 2 g — Pa (3.80)

By substituting (3.79) and (3.80) into (3.77), the open loop error system can be

obtained as

Mpéd = Yd(ep' ép'de'de)(f)d + Yd(ep'ép'de'de)éd —Tp (3 81)
— Ve '
ptd
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3.2.2.3  Control Design
Control input is designed as follows

Tp = Yd(ﬁd - Gded (382)

where G4 € R%*® denotes the positive definite, constant and diagonal control gain
matrix. The closed loop error system required for stability analysis can be obtained

as follows by substituting the designed controller in (3.81)

Myéq = —Y4(6,,6,, %y, %n,)Pa — Gaea — Vpea (3.83)
After that point the analysis can be continued with the stability analysis.
3.2.2.4  Stability Analysis

Theorem 4: The global asymptotic stability of the closed loop error system

mathematically expressed as

lleg(®ll;,, 2= 0ast—-0 (3.84)

can be provided via the control design in (3.82).

Proof: The nonnegative Lyapunov function candidate V, (ed, q.'~>d) € R is selected as.
1/, T~
Va =5 (eiMpeq + o ba) (3.85)
Time derivative of the Lyapunov function can be obtained as

. ~ 2 1.
Vd = —eng €4 + ¢dT [d)d - Yged] + 3(711 ( Mp - ]/p) €4 (386)

2
where time derivative of (3.80) and (3.84) are utilized. If the adaptive compensation

@ is updated according to the following rule
b, =YTe, (3.87)

and skew-symmetry property in (3.49) are utilized, (3.86) can be upper bounded as
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Va < —Amin(Ga)lleqll? (3.88)

The boundedness of V;(eg4, ¢4) can be reached from (3.85) and (3.88) and it can be
utilized to guarantee the boundedness of e;(t) (i.e., e4(t) € Ly,). Standard signal
chasing arguments can be utilized to show the boundedness of the all of the
remaining closed-loop operation signals. It can be shown that e, (t) € £, from the
integration of both sides of (3.88). The asymptotic tracking result in Theorem 4 can
be obtained when all of these boundedness statements are considered with the

Barbalat’s Lemma [61].
3.2.2.5 Simulation Studies

Dimensions of the robot manipulator were used as given in (3.66). The desired
trajectory of the first end effector was determined in the task space as follows, and
the second end effector follows the position changes in the first end effector by
protecting the distance distance between them

—0.000547¢t3 + 0.0041¢t2 + 0.1258]
—0.000388t> + 0.0029t2 + 0.1147

19.25
X, = ci (3.85)

Pad
’
(0

The desired trajectory of C;, ;, C; ;and ¢ll’d is a trajectory determined according to the
positions of the end effector of parallel manipulator system C,,, C;, and ¢,,. The initial
position is selected as x,(0)=[0.154 0.121 20.1 0.131 0.113 162.5]. Controller

gains were selected as follows via trial-and-error method

G, = diag{0.33,0.36,12,0.36,0.36} (3.86)

Desired trajectories and actual positions of the first and second end effectors are
shown in Figures 3.45 and 3.46 against time, respectively. The movements of the end
effectors in Cartesian coordinate system can be seen in Figures 3.47 and 3.48 with
their desired movements in Cartesian coordinate system. Tracking errors for the

tracking of end effectors are shown in Figures 3.49 and 3.50 for the first and second
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end effector, respectively. From Figures 3.45-3.50, it can be seen that the control
objective was met. Control input torques are shown in Figure 3.51. Adaptive

compensation is shown in Figures 3.52.
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Figure 3.45: Desired vs. actual positions of first end effector of parallel manipulator
system
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Figure 3.46: Desired vs. actual positions of second end effector of parallel
manipulator system
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Figure 3.47: Desired vs. actual positions of first end effector of parallel manipulator
system
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Figure 3.48: Desired vs. actual positions of second end effector of parallel
manipulator system
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Figure 3.49: Tracking error of first end effector of parallel manipulator system
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Figure 3.50: Tracking error of second end effector of parallel manipulator system
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3.2.2.6  Experimental Results

Performance of the designed controller was tested on the experimental setup by
keeping the desired trajectory, control gains identical with the simulation studies
presented in Chapter 3.2.2.5. The initial position was selected asx,(0) =

[0.1543 0.1215 18.1 —0.1309 0.1133 162.5].

Desired trajectories and actual positions of the first and second end effectors are
shown in Figures 3.53 and 3.54 against time, respectively. The movements of the end
effectors in Cartesian coordinate system can be seen in Figures 3.55 and 3.56 with
their desired movements in Cartesian coordinate system. Tracking errors for the
tracking of end effectors are shown in Figures 3.57 and 3.58 for the first and second
end effector, respectively. From Figures 3.53-3.58, it can be seen that the control
objective was met. Control input torques are shown in Figure 3.59. Adaptive

compensation is shown in Figures 3.60.
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Figure 3.53: Desired vs. actual positions of first end effector of parallel manipulator
system
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Figure 3.54: Desired vs. actual positions of second end effector of parallel
manipulator system
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Figure 3.55: Desired vs. actual positions of first end effector of parallel manipulator
system
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Figure 3.56: Desired vs. actual positions of second end effector of parallel
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Figure 3.57: Tracking error of first end effector of the parallel manipulator system
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Figure 3.58: Tracking error of second end effector of the parallel manipulator system
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Figure 3.59: Control input torques for the parallel manipulator’s joints
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Chapter 4

Conclusion

The control of supportive robotic systems that designed to provide the use of medical
microrobots in cochlear workspaces was aimed and realized in this study. Intended to
use in medical microrobot operations in the cochlear work area, the system consists
of a macro-micro robot manipulator structure that provides to untethered movement
within the cochlea ducts. This study includes two different robotic systems serving
same aim, one of which contains two identical serial RRR 3 DoF robot manipulators
while other one contains a revolute-prismatic joint 5 DoF parallel robot manipulator.
The main purpose of these systems were to control the position of the microrobot in
the cochlear work area using the magnetic field generated by the help of magnets
located in the end effectors of the robot manipulators. To achieve this goal, the main
control objective was set that one of the end effectors of the robot manipulator
follows the desired trajectory, and the other end effector works in synchronize with
the first end effector, and determines and follows its own tracking trajectory. The
second end effector calculates the desired trajectory based on orientation of first end
effector, workspace limit in the cochlear working area and the distance between the

first end effector and the cochlea.

The high precision need of cochlear microrobot operations was met by controlling
the system used in these operations. Two robust adaptive nonlinear controllers were
designed for each of the robotic systems to provide the high precision required by
cochlear microrobot operations. The robust control design was proposed as it can
cope with possible changes in experimental systems, parametric uncertainties and
external disturbances. However, to cope with the possible need for high control effort
of robust controllers, this structure was supported with adaptive compensations and

robust adaptive control design was realized for the systems. One of the controllers
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was designed for the joint space, while the other was designed for the task space for
each robotic system. Owing to the task space control, the burden of reaching the
desired trajectory in the joint space was avoided by using inverse kinematics in the

joint space control.

The theoretical analysis of each designed controller was proved through Lyapunov-
based methods. Dynamic models of each of the robotic systems planned to be used as
supporting systems in cochlear operation were obtained via recursive Newton-Euler
and Lagrangian formulations. Obtained dynamic models were used to observe the
performance of the designed controllers in the simulation environment. After the
performance demonstration of the control designs were realized via simulation
studies, their experimental performances were observed. The experiments on each of
the robotic system verify the function of the adaptive terms and the robustness for

model uncertainties.

Instead of using adaptive compensations neural network term can be used to cope
with parametric uncertainties. Owing to this issue performances of robust adaptive
and neural network based controllers can be observed in a comparative manner.
Designing neural network based controllers to reach the control purposes mentioned
in this study is considered as a future work. Moreover, to decrease the possible
negative effects caused due to sensor precision problems, designing output feedback

versions of the designed controllers is also aimed.
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Appendix A

The open form of Wy, and Z; for j=1,--,12

The open form of W , and Z; for j = 1,--+,12 defined in (2.28) can be obtained as

Wy = 213cos(6,1 — 0,2) + df +d5 + 213
— 2d,1, (sinBp; + sinb,;) + 2d,1,(cosby, (A.1)
+ c056,,)

W, = 215cos(0y, — 0y,) +di +d5 + 215
+ 2d,1,(cosby, + cosby,) — 21,d;(sinby, (A.2)
+ sin 6;;)

Zy =12cos(0y1 — 0y2) + 12 + dyl,cos 0,y

Zy =12 cos(0,1 — 0p2) + 12+ dyl, cos 6, (A4)
Zy =12 cos(6,, — 0);) + 12 — dyl, cos 6y (A5)
—dyl, sin 6y, '
Z, =12 cos(0y, — 0y;) + 12— dyl, cos 6, (A6)
—dyl, sin 6, '
Zs=—dy; —l,cos0, — dql,sinb, (A.7)
Z6 == dz - lp coS 651 - dllp Sln 6292 (A.8)
__ 1 _ 2
Z;= =5 ds(12 cos(0,1 — 0p2) + 12+ dyl, cos 6,
— dyl, sin6,,)/(2l3cos(0y1 — 0,,) + dZ +d5 + (A.9)
212 + 2d,1,(cos8y, + cos0,) — 2d,1,(sinb,; +
sinB,,))
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1 ) 2
Zg = —5ds(; cos(0,1 — 0p2) + 12+ dyl, cos 6y,
—d,l, sin0,,)/(215cos (0, — 0,,) + di + dj + 213
+ 2d;,1,(cos6p; + cos);)
— 2d,1,(sinB); + sinb,;))
1
Z9 = Ed3(d2 + lp cos le + dllp sin sz)/(
215c0s5(0,1 — 0y) + df +d3 + 213
+2d,1,(cos0y; + cosb,,) — 2d,1,(sinby; + sinb,,))
1 Y
ZlO = Edg(dz - lp coS 91’)1 - dllp sSin sz)/(
215 cos(0p, — 6,,) +df +d5 + 213
+2d;,1,(cosby; + cos 0,;,)
—21,d; (sin 6y, + sin 6,))
1 2 l ! 2 !
741 = E013 (5 cos(é?p1 - 9p2) + I; — dyl, cos 0y
— dyl, sin6,)/(212 cos (6}, — 05,) + d? + d3
+ 215 + 2d,1,(cosfy, + cos 6,,)
— 2l,d,(sin By, + sin 6,,))
1 2 l ! 2 !
Z12 = 5d3(lp cos(6py — Opz) + 1 — daly cos By,
— d,l, sin0,,) /(215 cos(0y, — 0y,) +di +d5 + 213
+ 2d,1,(cosOp; + cos 0,,)
— 2l,d,(sin 0, + sin 6;;)
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Appendix B

Elements of V,,(6,,0,,)

The open form of elements of V, (8, ép) can be obtained as

Vpi1 = Oz G (Bmmy, + 13mys + 212myyg) sin(0y1 — 0,,) +
Z,yl,((my;d3 + 41, + 41, )(d; cos 6, + d, sin 6, +
L, sin(Byy — 6,,))(d? — 2 1,d;sin 0, + d3 +
21,d, cos 0,,))/2WE) — dy((3Z,1,(my,d3 + 41, +
41, )(d3 sin6,, —d? sin0,, — 13sin6,, — 213 sin 6, +
2d, 1, + 12 sin(0yy — 260,,) + 2d,1, cos(6,; — 0,,) +
2d;l, sin(0y, — 6,;) + 2d;d; cos 6, ) — (B.1)
lp(d1 cosf,q +d, sin6,; +
I, sin(8,, — 26,,))(Zsm,;d% + 2Wym,,; cos ¢, ds +
41, Zs + 41, Z5)(di — 21,d; sin 6, + d3 +
2L, d; €05 0,2) /8W;) — Oy (ZaLy (myyrdZ + 41, +
41,, )(d; cosyy +d; sindyy + L, sin(6,, — 26,,))(d? —
2L, d;sin(8,;) + dF + 21,d,C080,,5) ) /AW
Vpiz = 6pa G (B, + 13mys + 212myys) sin(0,1 — 62) —
(Zyl,(my;d3 + 41, + 41, )(dy cos 0,y + dy sin 6y, —
L, sin(6,; — 26,,))(d? — 21, dysin(6,,) + d +
21, d;c05(6p1)) /WE)) — 6p1 G (2mmy + 2my +
212ms) sin(Bpy — Op2) — (Zy13(my,d3 + 41, +
41, )(d sin(6y1 + 0,,) — di sin(6,1 + 6,2) +
2l,dycosy, + 21,d cos0,; + 21,d,sinb,, +
21,d,sinb,, + 2d,d;cos(0y + 0,2))/2WS) + (B.2)
Z,l,((my;d% + 41, + 41, )(d; cos(6,,) +
dy sin(8y1) + 1, sin(6,1 — 0,2))(df — 2 1,d;sin 6, +
d3 + 2L,d; cos 0,2)) /2WE))) — dy (L, (my,d3 + 41, +
41, )(Z,d5sinb,, — Z,df sin 6, — Z1dfsin,, +
Z,d5sin6,, — 2Z,12sinb,, — Z113sinf,, —
Zy12sinby,, — 2Z,15sin0,, + 2d, 1,7, + 2d,1,Z, +
Zy12sin(0yy — 20,,) — Z115sin(260,; — 0,,) +
2Z1dydyc0s0y,; + 2Z,d,d _2c0s0,, + 2Z1d41,c05(0p, —
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sz) + ZZZdllpCOS(gpl - sz) - ZzldzlpSln(9p1 -
sz) + ZZZdzlpSin(epl - sz))/4‘W13) + (Zsl?,(mp7d§ +
41, + 41, )(d sin(60p1 + 0,,) — di sin(6,1 + 0,2) +
2lpdycosy, + 21,d cos0,, + 21,d,sinb,, +
ledzsinepz + 2d2d1C05(9p1 + sz)/2W13) -
Z,y1,((my,d3 + 4L, + 41, )(d3 sin(6,y) —

d? sin(0,1) — 12 sin(60,,) — 212 sin(6,,) + 2d,1, +
12 sin(0py — 26,,) + 2d,1, cos(0,, — 6,,) +

2d,l, sin(0y, — 0,;) + 2d,d; cos0,,)/2W) +
dsm;12 cos ¢y, (d5 sin(6,, + 0,;) — d? sin(0,, +
0,2) + 21,d; 050, + 21,d,c0s0,; + 2L,d,sinb,, +
2l,d;ysiny, + 2d,d;cos(0,1 + 0,2)))

|%

p13 S sz((llzg(Zszﬂd% + 2W1mp7COS¢)pd3 + 4Ip525 +

41, Z5)(d5sin(By1 + 0,,) — disin(6,, +
0,2))+2d,l,c050y,, + 2d41,c050,, + d;l,sinby, +
dzlpSinepz + 2d1d2COS(9p1 + sz)))/4W13 -

1 .

(5 Zsl5(d3my; + 41, + 41, )(d3sin(6y; +
2d,l,c050p,+d,l,sin0,1 + d,yl,sind,, +

1

+2d1d2COS(9p1 + sz)))/2W13 + (ZZzlp(dgmp7 +
4L, + 4L, )(d5sin6,; — dfsinb,, — l3sin6,, —
155in0,,+2d, 1, + 15sin(0,, — 260,,)+2d,1,c0s(0,; —
sz) + dzlpSin(epl - 9p2)+2d1d2C059p1))/2W13 +
(Z11,(my;d3 + 41, + 41, )(dfsind,, — d3sinb,, +
212sin6,y, + 15sinb,, — 2d; 1, + 15sin(260,, — 0,,) —
ZdllpCOS(Qpl - sz) + dzlpSlTl(Qpl - sz) -
2dyd,c0s0,,)) /AW — (d3l3m,;cosp, (d5sin(6,, +
2d,l,c0s0y, + 2d,1,5in60)p, +
Zdzlpsin9p2+2d1d2COS(9p1 + sz)))/4W12) -
0p1((Z11,(d5my; + 41, + 41, )(d5sinb,, —
disind,, — 12sin@,; — 12sinby,+2d, L, + l2sin(6,, —
20,,)+2d;1,c05(6,1 — 6,2)) + dylysin(6,, —
0p2)+2d,d,c0560,1))/8W: + (1,(d1cos6,, +
szinepl + lpSiTl(Qpl - sz))(d% - 2lpdlsin9p2 + d% +
21,d,c0560,,) (41, Zs + 41, Zs + Zsmyy,d5 +
2Wymy,;cosp,ds)) /8WE) — dy (Zy (dy + LycosOyy +
1,c050,,)(My,d5 + 4L, + 41, )(L,sinb,, — dy +
1,sinB,,))/2W7

(B.3)

Vp14_ = Vp15 =0 (B4)
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Vpar = Opa (12 My, sin(0y1 — 0,2)) /4 + (13myssin(6,y, —
sz))/4 + (lzzampS Sin(epl - sz))/z + (Zzlzz)(mp7d§ +
4L, + 4L, )(d5 sin(6p; + 0p) —df sin(6p; + 0,,) +
2d,l,cos0,, + 2d,1,c050,, + 2d,l,sin0,, +
2d,1,sin0,,+2d,d,cos(0,1 + 0,2)))/8W; —
(Z11,(my,d5 + 41, + 41, )(d1c050,,+d,sin,, —

I, sin(6p1 — 6,2))(df — 21,sinb,,d; + d5 +
21,0086, dy)) /W) — 6,1 (12my,sin(0p, — 6,2))/2 +
(Ipmyssin(Bp1 — 0,2))/2 + (I5myssin(6y1 — 0,2)) +
(Zyl,(mpd5 + 4L, + 41, )(dicosBy; + dysinby; +
Lysin(0p1 — 0,2))(d% — 21,d,sinby, + d3 +
21,d,c050,,)) /AWE) — dy (L, (my,,d3 + 41, +

4L, )(Z1d5sin0y,- Z,d3 sinfy, - Z,disinb,, +
Z,d3sin6,,- 2Z,12sinby, - Z;12sinb,, — Z,l3sin6,, —  (B.5)
27,135in0y, + 2Z1dy Ly, + 2Z,d, 1, + Z,155in(0,1 —
20,,)- Z,155in (20,1 — 0,,) + 2Z,d dyc0s 0,5, +
2Z,d1dyc058,1 + 2Z,d l,cos(0p1 — 0p2) +
2Z,dyl,co8(0,1 — 0,2) — 2Z1d;y1,sin(0,y1 — 0p2) +
22, d,1,sin (8,1 0,,))) /AW + (12(Zsm,,d2 +
2Wym,y;cos@,ds + 41, Zs + 41, Zs)(d5sin(0y, +
0,2) — disin(By1 + 0,2) + 2d;1,c0560,, +
2d,l,c0s60,; + 2d,1,sinb),, +
2d,1,5in0,,+2d,d,cos (0,1 + 6,2)))/8W; +
(Z11,(myy,d5 + 41, + 41, )(disinb,, — d5sinb,, +
212sin6,y, + 15sinb,, — 2d; 1, + 15sin(260,; — 0,,) —
2dql,c08(0,1 — Op) + 2d;,1,sin(0p1 — 0,2) —
2d,d;c050,,))/8W)

Vp2z = di((Zy1,(my7d% + 41, + 41, )(d?sin,, — d3sinb,, +
212sinb,, + I3sinb,, — 2d, 1, + 12sin(260,, — 6,,;) —
2d;l,c08(8,1 — Op2) + 2d51,sin(0,1 — 0;) —
2d,d,c086,,))/2W; — Z,1,((my,d5 + 41, +
41, )(disin6,, — d3sinb,, + 215sinf,; + 15sinb,, —
2d; L, + 15sin(26,1 — 6,,) — 2d,1,cos(0,1 — 0,,) +
2d,1,sin(By; — 6,2) — 2d;d,c0s6,,))/8W; +
(Zsl,(mp,d5 + 4L, + 41, )(dycos0,,+d,sinb,, —

I, sin(0y1 — 6,2))(df — 2l,d;sinb,, +d5 +
21,d,c0560,,))/8W +
(d3lymy;cos¢,(dicosBy,+d,sinby,, — L, sin(6,, —
0,2))(d} — 21,d;sinby,, + d5 + 21,d,c056,,)) /[4W?) —
6,1 (12m,sin(0y, — 0,2))/4 + (12mssin(0,, —

0p2))/4 + (LFmssin(8y; — 0,2))/2 — (Z315(myy;d5 +
4L, + 4L, )(d3sin(B,1 + 6,,) — disin(6,; + 6,,) +

(B.6)
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2d,l,c0s60y, + 2d41,c050,, + 2d,l,sin6,, +
2d;l,sin0,,+2d d;cos(0,1 +
02)))/2W3+(Z,13(myy,d5 + 41, + 41, )d3sin(6,, +
0p2) — disin(0y, + 6,2) + 2d;1,c056,; +
2d,l,c0s0y, + 2d,1,5in60)p, +
2d;l,sin0,,+2d,d;cos(0,1 +
02))/8W:—(Z41,(m,,d5 + 4l +

41, )(d1cos0y,+d,sinb,, — L, sin(0,; — 0,,))(d5 —
21,d;sinfy; + d5 +

21,d5c056,,)) /8W)—0,,,(Z,1,(my,d3 + 41, +
41, )(d1cosOp,+d,sindy, — 1, sin(0y; — 0,,,))(df —
21,d;sinfy; + d5 + 21,d,c056,,)) /AW

Vozs = =01 (G 12 (Zsmyyd3 + 2Wymy,;dscosey, + 4l Zs +
41, Z5)(d5sin(By1 + 0p2) — dfsin(By1 + 0p,) +
2d,l,cos0,, + 2d,1,c050,, + 2d,l,sin0,, +
2d,1,5in0,,+2d,d,cos (0,1 + 0,2))) /W7 +
(Z11,(myy,d5 + 41, + 41, )(disinb,, — d5sinb,, +
212sinb,, + 15sinb,, — 2d, 1, + 15sin(26,, — 6,,) —
2dyl,c08(0y1 — Opp) + 2d;1,sin(0p1 — 0,2) —
2d1d,c050,,)) /8WP +(Z,1,(my,d5 + 41, +
41, )(d5sin(0p1 + 6,2) — disin(0,,46,2) +
2d,l,c0s0y, + 2d41,c050,, + 2d,l,sin6,, +
2d;l,sin0,,+2d,d;cos(0,1 +
0,2)) /AW —(Zs 15 (myy,d5 + 41, + 41, )(d5sin(0,y, +
Op2) — disin(0y, + 0,,) + 2d,1,c0560,, +
2d,l,c050y, + 2d,1,5in60)p, +
2d;l,sin0,,+2d,d;ycos(0,1 + (B.7)
sz)))/4‘W13_(d3l;2)mp7cos¢p(d%5‘in(9p1 + 9p2) -
dfsin(6py + 0,2) + 2d;1,c050,, + 2d;1,c056,, +
2d,lpsin8,, + 2d,l,sin0,,+2d,dycos(0,1 +
sz)))/zwlz)_épz((ZSZp (mp7d?2, + 4'Ip5 +
41, )(d1cosOpy, — L,sin(B,1 — Oy,) + dysinb,y,)(df —
21,d;sinby,; + d5 + 21,d,c056,,))/8W; —
(Zyl,(mp,d5 + 4L, + 41, )(dfsin6,, — d3sind,, +
212sin6,y, + 15sinb,, — 2d; 1, + 15sin(260,, — 0,,) —
2dl,c0s(0,1 — 0,2) + 2d;,1,sin(01 — 0)2) —
2d,d;c050,,))/8W; + (dsl,my,;cos¢,(dycosb,, —
1,sin(0p1 — Oy,) + dysinb,,)(df — 21,d;sinb,, + d3 +
21,d,c0560,,)) /AWS) — dy(Zy(myy;d3 + 41, +
41, Y(I7sin(20,,) — 2d,d, + 13sin(26,;) +
212sin(0y1 + 0,,)) — 2d,1,c0560,, — 2d,1,c0s0,,, +
2d,1,5in0,; + 2d,1,5in6,,))/8W;’
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Vpaa = Vs = 0 (B.8)

Vps1 = 0,2 ((Ly(my7d3 + 41, + 41, )(Z1d3sind,, —
Z,d3sinb,, - Z,disin,, + 2Z,d, L, +
szgsinepl—zzllgsinepl—zlllzgsingpz -

20,,) - Z117 sin(260,1 — 0,,) + 2Z,d1d,c056,; +
ZZZdleCO.S’@pl + 2Z1dllpCOS(9p1 - sz) +
ZZZdllpCOS(epl - sz) - Zzldzlp Sln(epl— sz) +
2Z,d, 1, sin(0,y1- 0,2)))/8W) + (I2(Zsm,y,d5 +
2Wym,,,dscosp, + 41, Zs + 41, Zs)(d5sin(0y, +
0,2) — disin(By1 + 0,2) + 2d;1,c0560,, +
2d,l,c0s0,, + 2d,1,sin6),, +
2d,1,5in0,,+2d,d,cos (01 + 0,2)))/4W; +
(Zyl,(my,d3 + 41, + 41, )(disin,, — disinf,, + (B.9)
212sin6,y, + 15sinb,, — 2d; 1, + 15sin(20,, — 0,,) —
ZdllpCOS(Qpl - sz) + 2dzlpSin(9p1 - sz) -
2d1d5c0560,2)) /4WT) — d1 (L (Zsmyyd5 +
2Wym,y,dscosp, + 41, Zs + 41, Zs)(d5sinb,, —
disinfy,, — 15sin6,, — 213sinb,, + 2d;1, +

15 sin(0p1- 20,,) + 2d,1,c05(0p1- 0,) +
2d1d,c050,,))/8W; + (Z1(d; + Lycos0,, +
1,c050,,) (My;d5 + 41, + 41, )(—dy + L,s5in6,, +
L,5in0,7)/4W; — 0,1 (1,(dycosB,y; + dysindy; +
Lysin(0p1 — 0,2))(d% — 21,dysinfy, + d3 +
2d,1,c050,,,) (Zsm,;d3 + 2Wymy,;dscosg, + 41, Zs +
41,,75)) [4W7

Vpaz = 0p1 (L, (My7d3 + 41, + 41, )(Z1d3sinb,, —
sz%SIH le - Zld%Slﬂﬂpz + szgslngpl -
ZzllfgSln le - lezz)slnepz - ZZZIZJSIH le -
20,,) — Z112sin(26,, — 0,,) + 2Z,d,d,cos6,; +
ZZZdleCOS 9p1 + zzldllpCOS(epl - sz) +
ZZZdllpCOS(Bpl - sz) - ZzldzlpSIIl(Qpl - sz) + (B.IO)
2Z,d,l,sin(6,1 — 0,2)))/8W + (Zs13(my,d3 + 41, +
4‘1p7)(d%Sl n(9p1 + sz) - d%Sl n(9p1 + sz) +
2d,l,cos0y,, + 2d,1,c050,, + 2d,l,sin0,, +
2d2 lpSin9p2+2d1d2COS(9p1 + sz)))/4W13 -
(Zyl,(myyd3 + 41, + 41, )(d3sind,, — disinfy, —
125in0,, — 212sinf,,+2d,1, + 2sin(6,, —
20,,)+2d,1,c05(6,1 — 0,2) + 2d,1,sin(6,y; —
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O0p2)+2d,d,c0560,,)) /AW +

(d3l2my,;cose,(d3 sin(6,, + 0,,) — d? sin(6,, +
0,2) + 2d11,c050,; + 2d,1,c050,, + 2d,1,sin0,, +
2d,l,sin0,,+2d,d,cos(6,1 + 0,2)))/2WT) +

41, )(d, + Lycos0,, + L,c0s0,,))/8WF +
(Zsl,(my,d3 + 41, + 41, )(disin,, — d}sinb,, +
2125in6,, + 12sinby; — 2d,1, + 12s5in(26,, — 0,,) —
ZdllpCOS(Qpl - sz) + ZdzlpSln(9p1 - sz) -
2d1d2c050p2))/(8W13) + (d3lpmp7cosq’>p(d%sin0p2 —
d3sinf,, + 215sinb,, + l3sinb,, — 2d,1, +

12 5in(26,, — 0,;) — 2d;1,c08(0py — 0) +

2dyl, sin(6,, — 0,,) —
2d1d;c056,3)) /2W1) =0, (Zsly (7 d5 +

41, 41, )(d1c0s0y,+d;sindy,, — L,sin(6,y, —
sz))(d% - lesin9p1d1 + d% + 2lpC039p1d2))/W13 +
d3lpmp7cosq,'>p(d1c059p2+dzsin9p2 =1, sin(ﬁpl —
6,2))(d? — 2L,sinf,,dy + d3 + 2L,c050,,d,))/(2WE))

Vpaz = 092 ((((LpsinBp,) /Wy — (L, (2L,sinb,, — 2d; +
21,sin8y,) (1, — dyc0s0,, — dysindy, + l,cos(0,1 —
0p2))) /W) (Zgmy,;d3 + 2Wimy,;cosdyds + 41, Zs +
41, Z4))/8W; + (Z4(my;d5 + 41, + 41,7)(L,cos6p, —
d, + L,cos0,,)(1,sinby, — dy + 1,s5in6,,,)) /4W5 +
(L, (Zemy,d5 + 2Wymyy,cosp,ds + 41, Zg +
41, Z¢)(disin®,, + 3d3sind,, + 213sin6,, +
15sin6,, — 2d,1, + 13sin(26,, — 6;,;) —
2d,1,c08(0y1 — 0,3) — 2d,1,sin(0,, — 0y2) +
2d,d,c0560),))/ QW1 W) + 6,1 (((L,sinby, /W, —
(I, (2l,sinB,, — 2d; + 21,5inB,,) (L, — dycos6); —
disindy, + l,cos(6p1 — eéz)))/sz)(Zemmd% + (B.11)
2Wimyscosppds + 4l Ze + 4L, Z6)) /8W; +
(L, (Zemy,d5 + 2Wymyy;cosp,ds + 41, Zg +
41, Z4)(disin®,, + 3d3sindy, + [2sin6,, +
215sinby, — 2d,1, — 15sin(0y, — 260,,;) —
2d,l,c0s(0p1 — 0,2) + 2d,1,sin(0,, — 02) +
2dyd,c05051))/ QWi W) + (Z3(my,;d35 + 41, +
41, )(1,c0s0,, — dy + 1,c050,,)(1,sinb,, — d; +
L,5in0)7)/(AW5)) — 02((Z2(2d, — 21,(siny; +
sinby,))(My,d5 + 41, + 41, )(d, + L,cos6,; +
1,c056,,))/8W;) + dy (Zs(m,,d3 + 41, +
41, )(2d; — 21, (sinB)y; + sinbp,))(d; + l,c050,1 +
1,c050,,))/AW; + (dzmy;cosdy(2dy — 21, (sinby, +
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sinby,))(l,cos6,, — d, + 1,c0s6,,,))/2W5 +
(dsmy7cospy,(2d, — 21, (sinby,, + sinby,;))(d, +
1,c050,1 + 1,c050,,)) /2W¢ + ((my,;d3 + 41, +
41,,)Z¢(2dy — 21, (sinby, + sinby;))(l,c050,, — d; +
Lyc0s0)2)) /(AW WF)) = 0,1 ((Bly (Zsmy,d5 +
2Wym,;cospyds + 41, Zs + I, Z5)(d55in6,, —
disinf,, — 15sin6,, — 213sinb,, + 2d;1, + 13sin(6,; —
20,,) + 20, 1,c05 (8, — B3) + 2dyL,sin (61 — 0,5) +
2dyd,c050,,))/8W — (Z1(d; + Lycos0,, +
1,c050,,)(Mp,d5 + 41, + 4L, )(L,sinb,; — dy +
1,5in6,,))/4W)

Vp

34 = 0,1 ((Z3l,(my,d3 + 4L, + 41, )(dfsindp, +
3d5sinby, + 15sinby, + 215sinb,, — 2d,1, —
15sin(0p1 — 2605,) — 2d;1,cos(8,, — 0y;) +
2d,1,sin(0), — 6,,) + 2d,d,c0s6,,)) /AWS —
(((I,(dycosby; — dysinby; + 1,sin(0,, — 052))) /W, —
(213 (dycos0y; + dysinby, + Lysin(0p, — 05,)) (1, —
dycos6y; — dysinb,, + L,cos(0,, — 65,)))/

W) (Zemy;d5 + 2Wimy,cosdpds + 41, Z +

4L, Ze)) /AW, + (Zsly(my;d3 + 41, + 41,))(2d41, —
215sinby, — 215sinb), — 2disinby,, + W,sinby, —
212sin(0), — 26);) + 2dyL,cos(6), — 6,) +
dyl,sin(26,,) + 2d,1, sin? 6, — 2d,d,cos6); +
2d,1,c050,,5in60,,; + 2d,1,sinb},,5inb,,)) /4W5) —

dy ((((LysinBh,) /Wy — (L, (2L,sind), — 2d; +
2l,sin8y,) (1, — dyc0s0,, — dysindy, + l,cos (0,1 —
052)))/WE) (Zemyyd3 + 2Wymy,cosphds + 41, Zg +  (B-12)
4L, Z6))/8W; + (Z3(my,d5 + 4L, + 41, )(l,cos0,, —
d, + Lycos0,,)(1,sinby, — dy + L,sinb,,,))/4W5) +
0,2 ((13(Zsmyy;d% + 2Wymy,;cosg,ds + 4, Zs +
41p725)(d§sin(9p1 +0,;) — disin(0,; + 6,,) +
2d,l,c0s60y, + 2d41,c050,, + 2d,l,sin6,, +
2d,1,5in0,,; + 2d,d,c0s (01 + 6,2)))/4W; +
(Z,1,(my,,d3 + 4L, + 4Ip7)(dfsiné’p2 — d5sin6,, +
15sin0,, + 15sinb,, — 2d, L, + 13sin(20,, — 6,,) —
2dql,c08(0,1 — Op) + 2d;,1,sin(0p1 — 0,2) —
2dd5c050,,)) /AW + 0,5 (U5sin(Oy1 — 02)) /W, +
(213 (dycos8y, + d,sinb,; — L,sin(0); — 0,)) (1, —
dycos6y; — dysinb,, + l,cos(0y1 — 61,)))/
W3)(Zemy,d5 + 2Wymy,cosdpds + 41, Z +

4, Z6))/ AW, + (L (myyyd3 + 4L, + 41, ) (22501, —
2Z,d3sinby, — 2Z315sinby, — 2Z315sinb, —
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27,13sinby, — 2Z,13sinb,, — 2Z3disin6,, + 2Z,d; L, +
W,Z3siny, + WyZ,sinb,, — 2Z3d d,cos6y, —
2Z4dydycos0), — 2Z315c0s(0), — 6,,)sindy,, —
2Z31%c0s(0,1 — 6, )sinb,,, — 2Z,12cos(60), —
0,2)sinb,, — 2Z,412cos(0), — 0,,)sinb,, +
2Z3dl,c08(0p1 — 0p2) + 2Z4d1,c05(0p1 — 0p2) +
Z3d2lpsin(291;2) + Z4d2lpsin(29p1) +

2Z3d,1,sin*0,, + 2Z,4d,1,sin*6y, +
2Z3d;l,c080,,sin0,, + 2Z,d;,1,c0560,,,5in0,, +
273d41,sin0},,5in0; + 2Z,d,1,sinb,,5inb,,,)) /8W; +
(Z3l,(m,,d5 + 4L, + 4Ip7)(dfsin9;)2 + 3d3sinfy, +
212sin,, + 1Zsinb), — 2d;1, + 13sin(26, — 6,,) —
2d,l,c05(0p1 — 0,2) — 2d,1,sin(0, — 02) +
2dyd,cos6,)) /4WS)

Vpas = Op2 (L (dysind,, — dycos), + Lysin(6);, —
052))) /W2 + (215(dicosOy, +d,sinby, — 1,sin(6,, —
052)) (L, — dycos0,;, — dysindy, + l,cos(0,1 —
052))) /W) (Zgmy;d3 + 2Wymy,;cosdpds + 41, Zs +
4L, 7)) /AW, + (Zyl,(my,d3 + 4L, + 41, )(2d;L, —
215sinby, — 215sinb, — 2disinby, + W,sinb,, —
212c0s(6,, — 0);)sinby, — 212cos(6,, — Oy;)sinb,, +
2d,Lycos(0)1 — 6,,) + dylysin(26,,) +
2d,1,sin*0;,, — 2d,d,cos0), + 2d,l,cos0,,sin6,, +
2d,1,sin0y,5in0y,)) [AWS + (Z4l,(my7d5 + 41, +
4L, )(disin®,, + 3d3sinb,, + 217sin6,, + l3sin,, —
2d; 1, + 13sin(26y, — 6,,) — 2d;1,cos(0y1 — 6,,) —
2d,L,sin (0, — 0),) + 2d,dyc0s8},)) /(AWF)) —
dl((((lpSinezlJz)/Wz - (lp(ZIpSinezlal —2d, + (B.13)
21,sin8,) (1, — dyc0s0,, — d;sinfy,, + l,cos(6); —
0p2))) /W) (Zgmy,;d5 + 2Wymyycosdyds + 4L, 7. +
4L, 7))/ (8WL) + (Zy(myyd2 + 4L, + 41, )(Lycos6); —
dy + 1,c056,,)(1,5in6,, — dy + 1,5in6},,))/(4W5)) +
0,1 ((L,(my7d3 + 41, + 41, )(2Z3d41, —
27,d$sin6,, — 2Z312sin6,, — 2Z312sin6,, —
27,12sin0, — 2Z,15sinb,,, — 2Z5dFsinb,, + 2Z,d, 1, +
WyZ3sinb, + WyZ,sinb,,, — 2Z3d d,cos6y, —
27, dyd,cos0), — 2Z31%c0s(0), — 6,,)sinby, —
2Z31%cos(0,, — 6, )sinb,,, — 2Z,13cos(60), —

}2)sindy, — 2Z,l%cos(0), — 6,,)sinb,,, +

2Z3dl,c05(0p — 0p2) + 2Z4d1,c05(0p1 — Op2) +
Z3dyl,sin(26y,) + Z,d,l,sin(260,,) +
273 dyl, sin*6,,, + 2Z,d, 1, sin® 0, +
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Vp

2Z3d; lycos0,,sin0y,, + 2Z,d,1,c0560,,,5in0,,, +
2Z3d,1,sin0,,sin0y, + 2Z,4d,1l,sinby,,sinb),))/
BW) — (Bsin(By, — 6),))/ W, — (213(dycosy, +
dysindy; + lpsin(0,1 — 0,2)) (L, — dycos6), —
disinbp, + 1,c05(0,1 — 0,)))/W5)(Zgmyy,d5 +
2Wimy;cosppds + 4L, Ze + 41, Z6)) [ (AW,) +
(Zyl,(my,d5 + 41, + 41, )(disin6,, + 3d5sin6,, +
155in6,, + 215sinb, — 2d; 1, — 15sin(0y, — 26,,) —
2d,1l,c05(0,1 — 0,) + 2d,1,sin(0,, — 0;,) +
2d,d;c056),))/(AW5))

41 = Vpaz =0 (B.14)

Vpaz = 9.1';2((((112951'71(91;1 — 052)) /W, — (215 (d,cos6,, +

p

44 =

dysindy; + lpsin(0,1 — 0,2)) (L, — dycos6), —
disinbp, + 1,c05(0,1 — 0,)))/W5)(Zgmy,d5 +
2Wimy;cosppds + 4L, Ze + 41, Z¢)) /(BW;) +
(((sin(Bp1 — 052)) /W, + (215 (dycosO,, + dysinb,,, —
lpsin(0y1 — 0,2)) (L, — dycos6y; — dysinb,; +
Lpcos(Op1 — 0p2)))/W5) (Zgmy,d3 +

2Wimy;cosppds + 4L, Ze + 41, Z¢)) [ (AW;) — (B.15)
(Zyl,(mp,d5 + 41, + 41, )(disin6,, + 3d3sin6,, +
15sinbB,, + 215sinb, — 2d; 1, — 15sin(0y, — 26,,) —
2d,l,c05(0y1 — 0,) + 2d,1,sin(0,, — 02) +
2dyd,c0565,))/(8WS) + (Z31,(m,;d5 + 41, +

4L, )(disin®,, + 3d3sinb,, + 213sin6,, + l3sin6,, —
2d, 1, + 12sin(20y, — 6,),) — 2d;1,cos(0y1 — 6,,) —
2d,1,sin (0, — 0),) + 2d,d5c0585,))/(AWE))

6:0)/4 + (Bmpssin(8y, — 032))/2 + (Zy (myy 3 +
4L, + 45, )((I5sin(0yy — 0,2)) /W, — (215(d1cos6,, +
dysindy; + lpsin(0,y1 — 0,2)) (L, — dycos6y, —
dy5inby, + Lcos(0p1 — 642)))/W3))/ (8W,) +
(Z4(mp7d§ + 4Ip5 + 41p7)((lp(d1C059;,1 - dZSlngé,l +
Lysin(8y; — 652))(L, — dycos6y; — dysinby, + (B.16)
Lycos(By, — 6,)))/ W)/ (BW,) + (Zsl3(myyd3 +
215sin(8,1 — 0p;) + 2d;1,c056,, + 2d,1,sin6,, —
2d%cosb,,sinb), — 2d%cos6),sinb,, + 2d,1,cos(0), —
9,’)2)00561’)2 + 2dzlpsin(92’91 - 91’,2)6056{,1 +
2d;yl,c0s(0p1 — 0y7)sind,, + 2d,L,sin(6), —
Héz)sinﬁz',l — 2d,dycos(0y, —
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0p2)))/2W;)—d} ((Z3l,(m,;d5 + 4, +
4l )(disinby; + 3d3sinby,, + Jsinb,, + 21Zsinfp, —
2d41, — 15sin(0py, — 2604,) — 2d41,c05(6,1 — 0p,) +
2d,1,sin(0), — 6,,) + 2d1d,c0s05,))/ (BWS) —
(((I,(dycosby; — dysinby; + 1,sin(0, — 052))) /W, —
(213 (dycos0y, + d_2sinb,y; + L,sin(By1 — 0p2)) (1, —
dycos6y; — dysinb,, + l,cos(0,1 — 61,)))/
W) (Zemy;d5 + 2Wymy,cosdpds + 41, Z +
4Ly, 7))/ (8W1) + (Zsly(mypd3 + 41, + 41, )(2d, 1, —
215sinby, — 215sinb, — 2disinby, + W,sinby, —
212c0s(6,, — 0);)sinby; — 213cos(6,, — 05, )sinb,, +
2d;1,c05(0y1 — 0y) + dylysin(26y,) + 2d,1,sin®6y; —
2d,dycos0y + 2d;,l,c050,,,sin6,, +
2d,L,sinby, 5in6;,)) [ 2W5') + (Z3ly0p, (my;d5 + 41, +
41, Y2 sin(0p; — 052) + 13sin(20p, — 0y7) —
W,l,sin(8p1 — 0p3) + 2d; 15 cos,,, + 2d,13sin6,,; +
2d,12sin8), — 2d,dyl, — d?1,sin(20},) —
d5l,sin(260,,) — Wod;cosby, + 2d,15cos(26,, —

p2) + Wad,sing,,,)) /4W;

Vpas = 0pa (12my,sin(6,, — 0)3))/2 + (13myssin(6), —
052))/2 + Bmyssin(6y, — 05,) + (Zy(dsmy; + 41, +
41, ) (1, (dysin8y,, — dycos0,, + 1,sin(0,, —

052))) /W, + (215 (dycosb,,; + dysindy, — L,sin(6,; —
052)) (1, — dycos0,, — d;sinb, + L,cos (0,1 —

6000/ W)/ (4W5) + (Zy(dZmyy + 41y, +

41, ) (1, (dysin8y,, — dycosb,, + 1,sin(0,, —

052))) /W, + (215 (dycosb,,; + dysinby, — L,sin(6,; —
052)) (1, — dycos0,, — d;sind, + L,cos(0,; —

6000/ WE))/(4W5) + (ZoL2(d3mys + 41, +

4L, Y(Wysin(0yy — 6,,) — 15sin(26y, — 26,,) —
215sin(0,1 — 6,;) — 2d;1,cos0y, — 2d,l,sinb6,,, + (B.17)
2d%cos0y),sinby, + 2d3cos6,,sinb,, — 2L,cos(0); —
0;,2)(d1c0561;1 + dysiny;) + 2lpsin(01’,1 —
0,2)(d,cos0, + dysindy),) + 2d;d,cos(0y, —
0,0)/4WF) — dy (L, (d3my, + 4L, + 41, )(2Z3d, L, —
27,d$sin,, — (22315 + 2Z,15)(sinby, + sinb,,;) —
273d}sin6,, + 2Z,d; 1, + W,Z35in6,; + WyZ,sin6,, —
2Z3d,d,c050); — 2Z,4dyd,c0s0), — 2Z3l%c0s(0), —
0,2)(sinb)y + sinb,) — 2Z,1%cos(6,, — 0;,)(sinby, +
SinBy;) + 2Z3d1,c05(0p1 — Op3) + 2Z,4d,1yc05(0)1 —
0p2) + Z3d,l,sin(20,,) + Z4d,l,sin(26,,) +

2Z3d,1, sin® 0y, + 2Z,d,1,sin*6p, +
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2d;1,(Z5c080,,sin8y, + Z4c0560,,5in0,,) + 2(Z5 +
Z,)d;1,sinb,,5in6,,,))/(4W5) — (((15sin(6,, —

052)) /W, — (215(d1c056,, + dysinby, + L,sin(6p, —
052)) (L, — dycos0,, — d;sinb, + L,cos(0,; —
0p2))) /W) (Zgmy,;d5 + 2Wymy,cosgyds + 41, Zs +
4L, 7))/ (BWy) + (Zyly(d2my, + 41, +

4L, )(disin,, + 3d3sin6,, — 2d;l, + [3sin6,, +
215sinby,, — 12sin(0y, — 260,,,) — 2d,1,c05(6,; —

9.;72) + ZdzlpSln(Hzl,l - 8;)2) + 2d1d2C058{,1))/8W23) -
1 (Empasin(6,, — 0,))/4 + (Emyssin(6y, —
0:,))/4 + (Zmyssin(8h, — 0,))/2 — (212(d;cos8), +
dc056,1 + Lpcos(8p1 — 6,2))) /W) /(2W2) +
(Zs(d2my,, + 4L, + 41, ) ((Isin(6); — 03,))/W, —
(213 (dycos0y; + dysinby, + Lysin(0p, — 0,,)) (1, —
d,cos0y, — dysinby, + 1,cos(6,1 — 6,,)))/W5))/
d,sinbpy, + L,sin(0y, — 0,,))) /W, — (215 (d,cos6,, +
dysindy; + lpsin(0,1 — 0,2)) (L, — dycos6y; —
dusindy, + Lycos(8); — 05)))/WE))/(8W5))

Vps1 = Vps2 =0 (B.17)

Vpss = 62 (L, (dysinby, — dycosby, + Lysin(6y, —
052))) /W, + (215 (d1cosOy, + dysinby, — 1,sin(6,, —
052)) (L, — dyc0s0,, — dysindy, + l,cos(0)1 —
052))) /W) (Zgmy,7d3 + 2Wymy,ycospds + 4l,5Z6 +
4L, 76))/(8Wy) + (Zyl,(myyd2 + 41, +
41, )(disin®,, + 3d3sinb,, + 212sin6,, + [2sin6,, —
2dy 1, + 15sin(20y, — 0},) — 2d41,c05(6,1 — 0p,) —
2d,1,sin(0), — 6,,) + 2d,d,c0s6,),)) /8W5) —
Op1 ((((13sin(Bpy — 652)) /W, — (213 (d;cos6,; +
dysindy; + Lysin(0,1 — 0,,)) (L, — dycos6,), —
disinby, + L,cos(0p — 0,))) /W) (Zgmy,d5 + (B.18)
2Wimy,cosppds + 4lysZe + 41, Z6)) [ (AW7) +
(((IZsin(Bp1 — 072)) /W + (215 (dycos8y, + d,sinb,, —
lpsin(6,1 — 0,2)) (L, — dycos6y, — d;sinb,; +
lpcos(Opy — 092)))/W5) (Zgmy,d3 +
2Wimy,cosppds + 4lpsZe + 41, Z6)) /8W; —
(Zyl,(my,d5 + 41, + 41, )(disin6,, + 3d5sin6,, +
15sinB,, + 215sinb, — 2d; 1, — 13sin(0y, — 26,,) —
2d,1l,c05(0,1 — 0,) + 2d,1,sin(0,, — 0;,) +
2d,d,c0501,))/(AWF) + (ZsL, (my;d2 + 41, +
41, )(disin®,, + 3d3sinb,, + 212sin6,, + lsin,, —
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2d; 1, + 13sin(26y, — 6,,) — 2d;1,cos(0y1 — 6,,) —
2d,1,sin(0), — 6,,) + 2d,d,cos6,),)) /8Ws) —

dy ((((L,sin},) /W, — (L, (2L, sin6,, — 2d; +
21,sin8,)(l, — dyc0s0,, — d;sinfy, + L,cos(0,; —
052))) /W) (Zgmy;d5 + 2Wymy,;cosppds + 41,576 +
AL, 76))/(AWy) + (Z4(mpyd2 + 41, +

41, )(1,c0s0,, — dy + 1,c058,,)(1,sin0,, — dq +
L,sinB;,))/2W3) + (I,(Zemy;d3 + 2Wymy,ycosgyds +
41,57 + 41, Zg)(d3sinby, + 3d5sinby,, + 215sinby; +
15sinb, — 2d,1, + 15sin(20,, — 0;,) —

2d,l,c0s(0p1 — 0p2) — 2d,1,sin(05, — 0y2) +
2d1d2C059;’;2))/(4W1W22))

Vpsa = 0pa ((12my,sin(6,, — 0)2))/4 + (13myssin(6); —
6120/ + (2myssin(By, — 63,))/2 + (Zy(dZmy, +
4L, + 4L, ) ((15sin(6py, — 0,,)) /W, + (213 (d;cos6,, +
dysindy, — lysin(0,1 — 0,2)) (L, — dycos6y; —
dy5inbly + Lycos(8), — 03,)))/ W)/ (8WS) +
(Z3(dimyy + 41, + 41, )((1,(d2sin6,, — d;cosb,, +
L,sin(0p1 — 0,))) /W, + (215(d,cos6,, + dysinby,, —
L,sin(6,1 — 0,2)) (L, — dycos6y, — d;sinb,, +
Lycos(B, — 012)))/ W)/ (BWS)) —

0,1 ((13my,sin(0y; — 0)5))/2 + (1Zmyssin(6y, —
0:,))/2 + Zmyssin(8h, — 0)) + (Zs(d2m,, + 4L, +
4L, )((I2sin(8}, — 0,))/ W, — (212(dycost), +
dysindy; + lpsin(0,y1 — 0,2)) (L, — dycos6y, —
dy5inby, + Lcos(0p1 — 642)))/W3))/(4W,) +
(Zy(dimyy + 41, + 41, )((1,(d1cos0,, — d,sinby, + (B.19)
Lysin(By, — 05,))) /W, — (215 (d1cosby, + d,sinby, +
lpsin(0y1 — 0,2)) (L, — dycos6y, — dysinb,; +
Lycos(8, — 032 ))) W)/ (4Wy) + (Zsl3(d3myy +
4L, + 41, Y(W,sin(By, — 0p,) — 15sin(26,, — 26;,;) —
215sin(8,1 — 0p;) + 2d;1,c056,, + 2d,1,sin6,, —
2d%cos8)),sinby);, — 2d3cos8,,sinb,, + 2d;L,cos(6), —
9,’)2)00561’)2 + 2dzlpsin(92’91 - 91’,2)6056{,1 +
2d;yl,c0s(0p1 — 07 )sind,, + 2d,L,sin(6), —
Héz)sinﬁz',l — 2d,dycos6),c0s0,, —

2d,d,sindy, sinb),))/ (AWS)) — dy ((1sin(6); —
052)) /W, + (215(d,c0s6,, + dysinby,, — L,sin(6,, —
052)) (1, — dycos0,; — dysinfy; + L,cos (0,1 —
052))) /W) (Zgmy,;d5 + 2Wymy,;cosppds + 415 Zg +
41,2¢))/(8Wy) + (L, (d2my, + 41, + 41, )(2Z3dyL, —
2Z,d%sinby, — 2Z315sinby, — 2Z315sinb, —
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27,13sinby, — 2Z,13sinb,, — 2Z3disin6,, + 2Z,d; L, +
W,Z3siny, + WyZ,sinb,, — 2Z3d d,cos6y, —
2Z4dydycos0), — 2Z315c0s(0), — 6,,)sindy,, —
2Z31%c0s(0,1 — 6, )sinb,,, — 2Z,12cos(60), —
0,2)sinb,, — 2Z,412cos(0), — 0,,)sinb,, +
2Z3dl,c08(0p1 — 0p2) + 2Z4d1,c05(0p1 — 0p2) +
Z3dyl,sin(26y,) + Z,d,l,sin(20,,) +

2Z3d,1,5in*0,, + 2Z,4d,1,,sin*6p, +
2Z3d;l,c080,,sin0,, + 2Z,d;1,c0560,,,5in6,,, +
2Z3d,1,5in0,,5in0y, + 2Z,4d,1,5inb,,sinb),)) /4W5 +
(Z3l,(d3my,; + 41, + 41, )(disin6,, + 3d3sin6,, +
212sin6y, + 15sinby,, — 2d,1, + 15sin(260,, — 6;,) —
2d,1l,c08(6,1 — 0,3) — 2d,1,sin(0,, — 0;,) +
2d1d2C059;’;2))/(8W23))

|%

ss = —dy (L, (dasindy, — dycosby, + L,sin(0), — 0,,)2 +

(213 (d1cos0y, + dysinby, — Lysin(0y, — 0,,)) (1, —
d,cos0y, — d;sinb,, + 1,cos(0,1 — 0,2)))/

W) (Zgmy,d5 + 2Wymy,;cosppds + 41,57 +

4L, 7))/ (8Wy) + (Zyl,(my,d5 + 41, + 41, )(2d41, —
213sinby, — 215sinb, — 2disinby, + W,sinb,, —

212 cos(0y, — 6,;) sinby; —

212 cos(0p1 — 07) sinb), + 2d;L,cos(0), — 65,) +
d,l,sin(20,,) + 2d,1,sin*0), — 2d,d,cos0y, +
2d,1,c050,,,sin0,, + 2d,1,sinb},,sinb;,,))/ (2W5) +
(Zyl,(my,d5 + 41, + 41, )(disin6,, + 3d5sinb,, +
215sin6,y, + I5sinby,, — 2d, 1, + 15sin(260,, — 6,,) —
2d,1l,c05(0y1 — 0,7) — 2d,1,sin(0,, — 02) +
2d,d,¢056),))/ (BWF)) — 6}, (1B sin (6}, — (B20)
0p2))/4 + (l5my3sin(By1 — 0p2))/4 + (IEmyssin(6,, —
0:0)/2 + (Z4(my,d2 + 4l,_ + 41, ) (Zsin(8}, —
0p2))/ W, + (213 (d1cos0y,;, + dysinby,, — L,sin(0y; —
052)) (L, — dycos0,, — dysindy; + l,cos (0,1 —

62000/ W)/ (8W5) + (Zy(mpadd + 41y, +

41, )((1,(dysin8y,, — dycos0,, + 1,sin(0,, —

052))) /W, + (215 (d1cosOy, + dysinby, — 1,sin(6,, —
052)) (L, — dyc0s0,;, — dysindy, + l,cos(0,1 —

6,0/ W)/ (BW,) + (Z42(mypy 3 + 41, +

4L, ) (Wysin(8), — 05,) — [2sin (26}, — 85,) —
212sin(0,, — 0p;) — 2d;1,c056,, — 2d,1,sin6,, +
2d%cos0,,sinb), + 2d%cos6),sinb,, — 2d,1,cos(0); —
9,’)2)0056{,1 — 2dzlpcos(6{,1 - Bgz)sin%l +
2d,l,sin(6,, — 0);)cos6,, + 2d;L,sin(6);, —
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Bz’Jz)sinBz’)2 + 2d,d;c0s6),c050,, +
2d,d,sin,,sin0,,))/(2W5)) — 05, (Z4l,(my,d35 +
4L, + 4L, ) (213sin(0), — 0,;) + L5sin(20,, — 260,,) —
W,l,sin(0y, — 6,,) — 2d,15cos0y,, — 2d,15sinby,, —
2d,13sin6,,, — 2d;,Fcos(0), — 0,;) + 2d,d, 1, +
dfl,sin(26,,) + d5l,sin(26,,) + Wod;cosb, —
Wzdzsine{,z))/(4W23)
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Appendix C

Motor Torque and Current Relation Experiment Quotes

At this point an important issue about control experiments must be highlighted. As it
can be seen from the structures of the control design presented in this chapter all
control inputs are designed as torque inputs. However, in the prototype systems
current controller motors were used. As a result of this, the relationship between the
current and torque was required. This requirement was provided with an

experimental data based method. This process is tried to be explained in this chapter.

The data were collected after the motor and torque sensor were fixed as in the Figure
(C.1) and (C.2). A linearization was made according to the input and output values of
each motors. According to these equations, the characteristic equation of each motors

were achieved. These equations are given in the Table C.1.

Figure C.1: Two different view, (A) Front view, (B) Top view.

109



(@)

(b)

Figure C.2: Two different view, (A) Front View, (B) Top view.

Results

Linear model Paly1: 80
f(x) = pT*x + p2
Coefficients (with 95% confidence & 70 +
pl= 1082 (8197 1344)
p2 = -1547 (-30.52, -04189 80 F
Goodness of fit: 50
SSE: 1152 =
R-square: 0.9704 & a0 -
Adjusted R-square: 0.963
RMSE: 5366
30 -
20 -
*  bitvs. torque
10 F . calibration
| | | . .
G = 0.2 0.3 0.4 0.5 0.6 0.7 0.8
torque
Table of Fits ®
Fitna..~ Data Fit type SSE R-square DFE AdjR-sqg  RMSE # Coeff Validatio... Validatio.. Validatio..

d calibrat..|bit vs. tor... |p0|y1

[115.1570 |o.9704

4

Ing630

|5.3656

l2

Figure C. 3: Curve fitting for motor calibration

Table C.1: Calibration table showing the linearization of each motor

MX-64

D1 y = 108.2 X x — 15.47
D2 y =1223 X x — 23.7
D3 y =1223 x x — 23.7
D4 y=111.9 X x — 16.8
D5 y = 94.68 X x — 14.37
D6 y =116.7 X x — 25.7
XM-540

ID1 y =972 xx — 0.567
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Appendix D

Defining the Control Purpose of x,, in Terms of xy

If the desired trajectory of newly defined state is selected as

. D.1
Xng = ACtp, — Kpep) ®-1

and xy — xy, condition is satisfied, (3.74) can be rearranged as

s D.2
Aep = —Aerp. (D.2)

At this point it should be noted that in the above equations, e, € R® is a tracking

error defined as

e, = Xp, — Xp (D.3)

and K, € R6*¢ denotes positive definite, constant, diagonal gain matrix. If the both

sides of the resulting equation is premultiplied with (AT A)~1AT it can be reaaranged

as

é, + Kpe, = 0 (D-4)

and this result mathematically proves that e, - 0 exponentially fast. From this result
it can be reached that the main control purpose can be reached as long as xy — xy,,

condition is satisfied for the selection given above.
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