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ABSTRACT

In recent years there has been observed a growiggest in the mobile
manipulation area. Mobile manipulation is usualgalized by mobile manipulator
which consists of a ground vehicle and a robot ariis kind of platform can be used
in lots of civilian and military areas, includingatmful material operation, searching

and rescue, demining, explosive ordnance disposhéaen battlefield.

A lot of research concentrates on the modeling,trobrand application of
mobile manipulators. One essential requirementuing the mobile manipulator for
different applications is the property of stablel aaliable mobility, which requires the
ground vehicle to move stably, robustly and smagothhder different internal or
external uncertainties and disturbances. Thusmihi@ goal of this study is to design a
dynamic controller to control a mobile manipulatath a 4WD ground vehicle to track

an assigned desired trajectory under unknown vepiatameters.

Mobile manipulators offer a dual advantage of mibiand dexterity of a
mobile robot and a manipulator. They are compoded manipulator and a mobile
platform. Mobile manipulators have a much largerrkgpace than fixed—base
manipulators. Also, they are more capable than laofmbots. While an on-board
manipulator reaches out and performs manipulatesks, the role of the mobile
platform is to adjust a position of the mobile npanator according to preferred
configuration. Mobile manipulators can be used amiaus military and civilian areas
including space exploration, military operationsifcamanufacturing and health-care,
etc. In this study, an adaptive tracking controfier a mobile manipulator which
consists of a 4-wheel drive(4WD) ground vehicled am 7-DOF robot arm with
unknown vehicle parameters is designed to tracksmigned desired trajectory under
unknown vehicle parameters. The simulation resalés demonstrated the correctness

and effectiveness of the performance of the praposetroller.
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OZET

Son yillarda, mobil manipllasyon alaninda ilginidegek arttgi gorilmektedir.
Mobil manipulasyon, robot kolu ve mobil bir robott@lusan bir mobil manipulator
tarafindan gercekfarilmektedir. Bu tur platformlar; zararli maddelerislenmesi,
arama ve kurtarma, mayin temizleme, patlayici maaha, savada dahil birgok sivil
ve askeri uygulamalarda, madencilikte ve uzaystaraalari gibi bircok alanda

kullanilabilmektedir.

Bircok argtirma mobil manipulatorlerin modellenmesi, kontrek uygulamasi
Uzerinde yg@unlasmaktadir. Farkl uygulamalarda mobil manipulatodld&umi icin
temel gereksinim, kararliik ve guvenli harekegii, farkli ic ve dg belirsizlik ve
bozucu etkileri altinda da mobil robotun kararliizdin ve dayanikli olarak
sglanmasidir. Be nedenlerden, dort tekerden tahrii mobil manipulatord,
bilinmeyen ara¢ parametreleri altinda istenilenipgeyi takip edebilmesi amaciyla

kontrol etmek icin dinamik bir denetleyici tasarlakbu cagmanin esas amacidir.

Mobil manipulatérler, mobil robotlarin yeteneklaribeceri) ve hareketlilik
avantajlarini bir arada sunmaktadir. Bu Ozellikleranipilatér ve mobil robotun
birlesiminden ortaya c¢ikan 0Ozelliklerdir. Mobil maniplbaer sabit tabanli
manipulatorlere gore ¢cok daha buyik bir gal uzayina sahiptirler. Ayrica, mobil
robotlardan daha Ustiin yeteneklere sahiptirler.nBabil robotun goérevi, manipulator
bir gobrevi yerine getirmek icin bir noktaya gaaya calirken tercih edilen
konfigurasyona gore mobil manipulatoriin konumunarknmaktir. Bu 6zelliklerinden
otarda, mobil manipillatérler uzay atamalari, askeri operasyonlar, otomatik tGretim ve

sailik gibi alanlar dahil olmak tzere g#i askeri ve sivil alanlarda kullanilabilir.

Bu calsmada, bir dort tekerden tahrikli mobil robot ilesérbestlik dereceli
robot kolundan olgan bir mobil manipulatdr icin bilinmeyen arac¢ pasdtari tabanl
bir adaptif yoriinge takip denetleyicisi tasarlagtmi Simdlasyon sonuclari 6nerilen

denetleyicinin performansininin gkollugunu ve etkinlgini gostermgtir.






CLAIM FOR ORIGINALITY

DESIGN AND IMPLEMENTATION OF ADAPTIVE CONTROL FOR A
NONHOLONOMIC MOBILE MANIPULATOR

In this dissertation project, modeling and idené&fion of the non-holonomic
mobile manipulator are presented. The nonholonamobile manipulator consists of
two parts: robot arm and mobile base. The SchunlABWWA3) manipulator is used
as robot arm of the mobile manipulator. The Seg®RdP 400 4WD skid-steering
mobile robot (RMP400) is used as mobile base ohtbbile manipulator. This kind of
platform can be used in lots of civilian and miitaareas, including harmful material
operation, searching and rescue, demining, spapérakions, explosive ordnance
disposal and even battlefield. In the first partto study, full model identification of
the LWAS3 is performed. The LWA3 is very sensitivampulator for especially precise
manipulation tasks. The high accuracy positionirgpabilities, dexterity, back-
drivability capability, and zero backlashes of jogts make the LWA3 ideal for not
only industrial applications but also scientifisearches. Unfortunately, there are not
model based experimental studies about dynamicghef LWA3 manipulator in
literature. To our knowledge and literature revieasr work is the first study dynamic
model verification and on dynamic based positiod @glocity control of the LWAS. In
the second part of this study, full model idenéfion of the RMP400 is performed.
RMP400 are used in lots of civilian and militargas. The aim of this part is to analyze
the characteristic behavior of SSMR and to develop closed-loop controller for
RMP400. According to our literature reviews, ourrlwe the first study for full model
identification, analysis and control of the RMP400. the last part of this study,
adaptive control algorithm is developed for the +h@tonomic mobile manipulator. To
our knowledge and literature reviews, our work he first study for application of
adaptive control to this kind of the non-holonomiobile manipulator. Because of all
reasons which are explained in above, this studyriginal and is not a copy of any
work. It will be very important source for robot neding and control area.

November, 2013 Supervisors Student
Assist.Prof.Dr. A. Emin Kuzucugslu Gokhan Erdemir

Prof.Dr. Ning Xi
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Tire — road total friction coefficient
Longitudinal tire speed

Lateral tire speed

Wheel angular speed
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Tire — road static friction coefficient
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Roll friction
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1. INTRODUCTION

1.1. Background and Motivation

Mobile manipulators offer a dual advantage of mobdnd dexterity of a mobile
robot and a manipulator. They are composed of apukator and a mobile platform.
Mobile manipulators have a much larger workspaam thixed—base manipulators.
Also, they are more capable than mobile robotsteBeht types of mobile manipulators

are shown in Figure 1.1.

While an on-board manipulator reaches out and pegfananipulation tasks, the
role of the mobile platform is to adjust a positiminthe mobile manipulator according
to preferred configuration. Mobile manipulators das used in various military and
civilian areas including space exploration, miltaperations, auto-manufacturing and
health-care, etc. In this study, an adaptive fragkontroller for a mobile manipulator
which consists of a 4-wheel drive(4WD) ground eéhiand a 7-DOF robot arm with
unknown vehicle parameters is designed to trackssmgned desired trajectory under
unknown vehicle parameters. The simulation resaiésdemonstrated the correctness

and effectiveness of the performance of the pragposetroller.

Figure 1.1.Different types of mobile manipulators

1



First step of this study, analysis, experimentaifieation of dynamic models
and control of Schunk LWAS3 which is a 7-DOF redumdmanipulator is presented.
The LWAS3 is a very sensitive and stable manipuldtor especially high accuracy
manipulation tasks. The perfect position accuradgxterity, back drivability, and
redundant joints make the LWA3 ideal for not onhdustrial applications but also
scientific researcheglowever, there is not enough technical details iaformation
about dynamic modeling of the Schunk LWA3 manipadain literature. Dynamic
models of robots define the relationship betweenrtiotion of the robot manipulator
and the actuator torques. Dynamic modeling mustekpressed by taking into
consideration of physical constraints and their adet Unfortunately, robot
manufacturers don't provide technical knowledgeualadl robot parts in detail. This
study focuses on the development of the dynamicemofithe Schunk LWAS robot
arm, computed torque based PID control and dyn@aiameters identification of the
robot arm. The stability of the dynamic model isoyed by a trajectory tracking
experiment by using a PID controller. Accordingthe simulation results, proposed
method demonstrates the high accuracy, stabilagt tomputation and minimum
tracking error. In recent years there has beenrebdea growing interest in the mobile
manipulation area. Mobile manipulation is usualBalized by mobile manipulator
which consist of a mobile base and a manipulatobucgire and coordinate frame of

4WD mobile manipulator is illustrated in Figure 1.2

driving

Figure 1.2.Structure and coordinate frame of 4WD mobile malaitau.



This kind of platform can be used in lots of ciailiand military areas, including
harmful material operation, searching and rescusmnining, explosive ordnance

disposal and even battlefield.

A lot of research concentrates on the modelingiroband application of mobile
manipulators [1-3]. One essential requirement fsing the mobile manipulator for
different applications is the property of stablel aaliable mobility, which requires the
mobile base to move stably, robustly and smoothigen different internal or external
uncertainties and disturbances. Thus the motivaifdhis paper is to design a dynamic
controller to control a mobile manipulator with amheel drive vehicle to track an
assigned desired trajectory under unknown vehialampeters and terrain parameters.

Developed mobile manipulation platform is showrdrigure 1.3.

Figure 1.3.Developed mobile manipulation platform in differemws



In this study, we firstly focused on dynamic moohg)l and parameter
identification of the LWA3 [1-14]. A new simulatiotool was developed for model
verification of the LWA3 [1-20]. In the second stepe focused on mathematical
modeling of the RMP400 mobile robot [16-19, 21-3Blext step is to develop
mathematical model of mobile manipulator [34-59fteA the full model identification
of the mobile manipulator, we developed model baaddptive control for mobile
manipulator [60 — ##89]. Finally, model and contvekification were done by using

simulation tool and in real environment both.

1.2. Historical Review of Related Studies

Dynamic models of robots are required in the immetation of the most
advanced model and force based control [1, 2]. dyreamic model can be used to
linearize the nonlinear system for not only joipase but also task space [1-5]. It is
very difficult to identify and estimate dynamic pareters because of the lack of any
technical knowledge on the dynamic parameters afipodators. Dynamic model of
robot contains uncertainties in many parameterk asdack of technical knowledge on
robot parameters, effects of disturbances, unkn@nmmironmental conditions and
parameters, etc. And also, many control methodssansitive to their values [6].
Dynamic parameter identification methods have ghimaportance for developing
model based controllers [6]. In general, a standafabt identification procedure
consists of modeling, experiment design, data attpn, signal processing, parameter
estimation and model verification [1, 5-7]. Theme &vo common methods to obtain
identification of dynamic parameters and formulatiof dynamic model [6]. First
method is to identify friction parameters for egoimt and then to continue to identify
the rigid body dynamic parameters using identifisction parameters. Second method
Is to identify joint frictions and the rigid bodyydamics at the same time. In general,

second method is used commonly.

Swevers et al presented dynamic model identifioattw industrial robots in [1].
In [1], programming types of robots and task optition problem were presented.
Swevers et al mentioned about offline and onlinegpamming of industrial robots.
According to [1], dynamic models are a key point develop advanced offline



programming tools and controllers to improve prdoity and accuracy. Because,
dynamic model based control offers high accuratahikty and force efficiency [1 — 7,
9, 12, and 14].

Tarn, Wu, Xi and Isidori present a sensor basedireabmmethod for force
regulation and robot impact control [2]. They useshlinear feedback linearization
method for dynamic model linearization. The mospamant part of dynamic modeling

is feedback linearization [2, 5].

Wu et al presented dynamic parameter identificaibnobots in [6]. Parameter
selection and identification are most importantnpdor dynamic model based control
[6 -12, 14]. In [6], off-line and on-line identifation methods are defined in detail. As
described in [6], a robot identification procedwensists of modeling, experiment

design, data acquisition, signal processing, pat@mestimation and model validation
[6].

Wang et al developed an online motion planning rdlgm for a 7 DOR
redundant manipulator in [8]. The LWA3 manipulateas used as a 7DOF redundant
manipulator in [8]. Forward and inverse kinematiese described in the Wang's study.
PD control was developed for online motion plannofgthe LWAS3. All technical
details for the LWA3 can be found in [13].

In other study, Voung and Ang presented dynamic ehadentification for
Mitsubishi PA10 industrial robot arm [9]. Frictionodels, model — based control and
dynamic model of PA10 are presented. In [9], twathods are explained for robot
identification. The first one is dismantlement noethwhich is used to measure and to
identify robot arm link by link. But, in practicéhis method is not feasible. Genetic
algorithm is used to identify dynamic parameterg9j In practice, uncertainties can
also occur in the motion data which is present@, q,G) form. q,q,§ are joint

position, velocity and acceleration, respectivdig| 14-20].

Developing controller for manipulators is anothemportant point for robot
control. Astrom and Hagglund described PID contat only for robot control but also
for industrial applications[15]. And also, theypéained future of PID control in [15].
PID control is the commonly used control methods Kimple and robust. Many control

algorithms were derived from PID. Nokleby and Paddeski developed new



methodology for identifying multi-DOF singular cagdrations of redundant
manipulators [20]. Several methodologies were arpthand compared in [20].

Kozlowski and Pazderski developed mathematical moflea skid — steering
mobile robot (SSMR) and controller [23]. In [23]SEBR was divided into three parts.
These are kinematics, dynamics and drive subsydealowski’'s model was used in
many studies [21-29]. In another study, Shuand applied Kozlowski's methodology
to another robot platform [21]. Yu and Chuy presgyriamic modeling of 4WD SSMR
with PID control. Dynamic model of 4WD SSMR are ified not only in simulation
environment but also in real environment. Stabildy PID control is verified

experimentally in xyz plane axes.

The united semi-empirical tire model was used ina®ig’s study [21]. Arslan and
Temeltas developed robust motion control for AWIDME&S25]. Control problem was
deal with in two parts [25]. These are trackingteolnand velocity control. Pazderski et
al preset practical stabilization method for 4AWDVESby using back stepping method

and Lyapunov stability analysis in [26].

The mobile manipulator is shown in Figure 1.3. dintains a 4-wheel drive
Segway vehicle and a 7-DOF Schunk manipulator. Mapers have researched on the
tracking control design for a 4-wheel drive vehibleusing different methods including
Lyapunov based control [20, 24-27], sliding modentonl [21], robust QFT control
[22], adaptive control [23], etc. Most of these @apassume that the vehicle parameters
including mass and inertia moment are all knownweler, in the real case, one of the
uncertainties of the vehicle, especially for thebrteo manipulator we consider, is just
the mass and inertia moment of the vehicle. Whenntlobile manipulator is running,
especially when it is doing some manipulation, iit put some loads on it or take some
loads off itself. Thus the mass of the mobile malafr will change and become
unknown. And also, during the mobile manipulatitime manipulator will change its
configuration frequently, so the inertia momentté system will also change and
become unknown. Besides, when it is doing manifrathe ways it put or take the
loads on or off the mobile manipulator will alsoadige the inertia moment of the
system. So how to design a controller to make tbbil® manipulator be able to track a
desired trajectory under the unknown vehicle patarsewill be a problem. The second



part of this study applies an adaptive control rodtto realize the tracking controller
and deal with the unknown parameters. Model refsxesdaptive control is used to
design the tracking controller and gradient al¢ponitbased adaption law is used to

estimate the unknown vehicle parameters on line.

One of the most important topics to control of n®bmanipulators is a
redundancy resolution. Mobile manipulators offealdadvantages of manipulators and
mobile robots at the same time. But, this situaisoa cause of some control problems.
Mobile manipulators have multi-DOF. It is too diffilt to control mobile manipulators
under nonholonomic constraints. Several redundaesyplution methods have been
proposed such as Extended Jacobian (EJ), ReduaeGt(RG) and also Projected
Gradient (PG)[36, 41 — 44]. Zhang et al presents@erbased approach to solve
redundancy problem in [36]. The paper contributesliterature about three major
topics. These are (i) to develop redundancy resolunethod for online trajectory by
using real-time sensor data, (ii) application oveleped method to the high-DOF
nonholonomic mobile manipulator [36]. In another rkyoZhang et al developed
redundancy resolution based obstacle avoidance oahefibr the high-DOF mobile

manipulator [41].

Andaluz et al present robust control with redungaresolution and dynamic
compensation for mobile manipulators [42]. Lyapusawethod used to prove stability
of proposed control law in [42]. De Luca et al enes kinematic modeling and
redundancy resolution for nonholonomic mobile matafors in [44]. EJ, RG and PG
redundancy resolution methods are compared in [4inamic model based
redundancy resolution and control are presentedhung and Velinsky [45].

In addition, traction control is another importanthicle control fields.
Particularly for the motor in wheel drive vehiclegy matter in acceleration [20-24] or
deceleration braking [21], they are always expettedrovide fast and precise torque
response. Many design approaches to the tractioiraddhave been provided at the
driving torque level. The vehicle traction contrigl mainly to deal with the high
nonlinear characteristic of the relation betwees fifiction coefficients and slip ratio,
which drastically varies depending on the conditdra road surface, which, in most

cases, is unknown or uncertain. In order to coph thie uncertain friction effect, some



estimation methodologies have been studied, andaremainly categorized into three
methods (i) the parameters of the approximatiormctfan of the friction effect, (ii) the

maximum values of the friction effect and (iii) tgeadient of the friction function.

The main aim of this study is to design and impletma@n adaptive control to
make the mobile manipulator be able to track arddsirajectory and velocity. First,
this study applies an adaptive control method &bize the tracking controller and deal
with the unknown parameters. Model reference adaptontrol is used to design the
tracking controller and gradient algorithm basedpaidn law is used to estimate the
unknown vehicle parameters on line. Second, forpimgose of keeping the vehicle
right on the track with unknown terrain conditiomsdirect model reference adaptive
controller was proposed for the vehicle tractiontool based upon a simplified road/tire

friction model.

1.3. Methodology and Contributions

In this dissertation project, modeling and iden#fion of the non-holonomic
mobile manipulator are presented. The nonholonamobile manipulator consists of
two parts: robot arm and mobile base. The SchunlABWWAS3) manipulator is used
as robot arm of the mobile manipulator. The Seg®R&P 400 4WD skid-steering
mobile robot (RMP400) is used as mobile base ohtbbile manipulator. This kind of
platform can be used in lots of civilian and mitjtaareas, including harmful material
operation, searching and rescue, demining, spapérexions, explosive ordnance

disposal and even battlefield.

In the first part of this study, full model identi&tion of the LWAS3 is performed.
The LWAS3 is very sensitive manipulator for espdgigrecise manipulation tasks. The
high accuracy positioning capabilities, dexteritack-drivability capability, and zero
backlashes of its joints make the LWAS ideal fot naly industrial applications but
also scientific researches. Unfortunately, theeerent model based experimental studies
about dynamics of the LWA3 manipulator in liter&ufo our knowledge and literature
reviews, our work is the first study dynamic modetlification of the LWA3 and on

dynamic based position and velocity control of tN&A3.



In the second part of this study, full model idéasition of the RMP400 is
performed. RMP400 are used in lots of civilian amtitary areas. The aim of this part
is to analyze the characteristic behavior of SSMiR # develop the closed-loop
controller for RMP400. According to our literatureviews, our work is the first study

for full model identification, analysis and contaflthe RMP400.

In the last part of this study, adaptive contrglogithm is developed for the non-
holonomic mobile manipulator which is a combinatadfn_.WA3 and RMP400. To our
knowledge and literature reviews, our work is tinst fstudy for application of adaptive

control to this kind of the non-holonomic mobile myaulator.

1.4. Dissertation Outline

The dissertation is organized as follows. Introduttrelated works and common
information about the mobile manipulators are pnése in Chapter 1. In Chapter 2,
structure of the LWA3 robot manipulator and the RMIB are explained. Properties are

given.

In Chapter 3, kinematic models, DH Table, dynamiedsi, friction model are
emphasized in this chapter. It presents the fornaumeaof the vehicle dynamic model
with unknown vehicle parameters, as well as thepgsed adaptive controller; The
wheel dynamic model with the unknown terrain arsdaitlaptive traction controller are

presented.

Control design and stability analysis for model ifi@tion are presented in
Chapter 4. The system integration and testing t®sue shown in Chapter 5. Finally,
our conclusions and future works are presentechiaper 6.



10



2. STRUCTURE OF THE NON-HOLONOMIC MOBILE
MANIPULATOR

2.1. Introduction

In this chapter, structure of the non-holonomic ifeomanipulator is presented.
Our underlying robot parts are stated, which willchthroughout the dissertation. The
Schunk’s lightweight arm LWA3 was used as a mamifmulwhich is shown in Fig. 2.1a
[13]. Segway’s four wheel-drive (4WD) skid-steeriggound vehicle RMP400 was
used as a mobile part of the non-holonomic mobiémipulator which is shown Fig.
2.1b. The combination of LWA3 and RMP400 is showirigure 2.2.

(a) (b) |

/
/

Figure 2.1.Schunk LWA3 Robot Arm (a), Segway RMP 400 mobile
robot (b)

The redundant 7 DOF robot arm (LWAS3) is presenteddetail in the first.
Technical and operational properties of LWAS3 arevekd in Table 2.1 — 2.4. Table 2.1
— 2.4 present the Schunk LWA3 7 DOF modular robaystem in RPRPRPR
configuration, specification of joints, properties PRL modules and moment load of
PRL modules, respectively. All data of tables angperted from [13]. Table 2.5. — 2.8.
present motor weight parameters, center of mas$)Gsd the motors relative to their
local frames, connectors weight parameters andecesit mass of the connectors

relative to their local frames, respectively.
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Secondly, mobile base of the non-holonomic mobilanipulator will be
presented, which is four-wheel drive skid-steergrgund vehicle of Segway. It is
shown in Figure 2.1(b) [19]. Technical and opersdioproperties of the RMP400 are
listed in Table 2.9 to 2.14. Operational properaeéthe RMP400 are listed in Table 2.9.
and Table 2.10. Technical properties of the RMPd@0listed in Table 2.11. through
Table 2.14.

Figure 2.2 The non-holonomic mobile manipulator

2.2. Schunk LWAS3: The 7 DOF Redundant Robot Arm

In this section, general structure and propertiethe LWA are presented. The
Schunk LWAS robot arm is used for experimental &sichs an arm of non-holonomic
mobile manipulator in this study. The LWAS3 is vesgnsitive manipulator for
especially precise manipulation tasks. The highu@my positioning capabilities,
dexterity, back-drivability capability, and zerodséashes of its joints make the LWA3
ideal for not only industrial applications but alsoientific researches. However, the
lack of any technical knowledge on the dynamic peaters of its links makes the
development of an accurate dynamic model of theotr@xtremely challenging. In
section 3.2, the modeling, dynamic model verifisatand control of the Schunk LWA3

manipulator is implemented.
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System configuration of the LWA3 is listed in Tal@dd [13]. As seen in Table
2.1., the LWA3 has high repeat accuracy and highlpad capacity. The LWA3 has
dexterity and maneuverability for precise operati@tause of redundant joints of the
LWAS3.

Table 2.1.The Schunk LWA3Z DOF Robotic System’s Configuration

Property Value

Axes/DOF 7 (roll-pitch-roll-pitch-roll-pitch-roll)

Operation range 1870 x 1650 x 1870 mm?3

Envelope 3350 dm?3

Payload 10 kg

Repeated accuracy 0.1 mm

Power supply 24V DC/ max. 20 A

Control PC control (Linux or Windows) using CAN-Bumerface
Fail safeness All joints equipped with permanengned brakes

Specification of joints of the LWA3 is listed in Bl 2.2. PRL120 modules are
used as joint 1 and joint 2. PRL100 modules arel @sejoint 3 and joint 4. PRL80
modules are used as joint 5 and joint 5. And, PRb&fdule is used as joint 7.

Maximum and nominal force/torque values of eachtjare listed in Table 2.2.

Table 2.2.Specification of joints

Module Force/Torque Force/Torque  Weight Accuracy
nom. Max. [ka]

Joint 1 (PRL120) 210 Nm 370 Nm 3.6 + 2 arc sec
Joint 2 (PRL120) 210 Nm 370 Nm 3.6 + 2 arc sec
Joint 3 (PRL100) 81.5Nm 176 Nm 2 + 2 arc sec
Joint 4 (PRL100) 81.5 Nm 176 Nm 2 + 2 arc sec
Joint 5 (PRL0O80) 20.1 Nm 41.6 Nm 1.2 + 2 arc sec
Joint 6 (PRL080) 20.1 Nm 20.1 Nm 1.2 + 2 arc sec
Joint 7 (PRLO60) 4.5 Nm 9.6 Nm 1 + 2 arc sec
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Properties of each PRL module are shown in TalbBe[23]. In Table 2.4,

moment loads of PRL modules are presented. Asis€kaible 2.3 and 2.4, each joint of

the LWA3 produces high torque value.

Table 2.3.Properties of PRL modules

Property PRL60 PRL80 PRL100 PRL120
Nominal Torque (Nm) 4.5 20.7 81.5 216
Peak Torque (Nm) 9.6 41.4 176 372
Rotating Angle (>)) 360 360 360 360
Weight (kg) 1 1.2 2 3.6
Swiveling time (90) with mean attached load (s) 2.55 4.25 4.25 4.25
Min. ambient temperaturé@) 5 5 5 5
Max. ambient temperaturéQ) 55 55 55 55
Repeat accuracy) 0.02 0.02 0.02 0.02
Max. angular velocity*(s) 50 25 24 25
Max. acceleration’(s) 200 100 96 100
Gear ratio 300:1 552:1 625:1 596:1
Nominal voltage (VDC) 24 24 24 24
Nominal power current (A) 2 3 4 5
Max. Current (A) 4 6 8 10
Resolution (arcsec) 2 1 1 1
Table 2.4.Moment load of PRL modules

Module K (N) max. E (N) max. M, (Nm) max.

PRL60 160 120 20

PRL80 520 300 60

PRL100 850 500 100

PRL120 2800 800 320
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2.2.1. Physical and Geometric Data of the 7 DOF RedundarRobot Arm

In this section, physical and geometric informatajrthe LWA3 are presented.
Each PRL module is divided into two parts as maiod connector. Motor parameters
and the COM properties of each module are listedTable 2.5 and Table 2.6,
respectively. Connector parameters and the COMepties of each connector are listed
in Table 2.7 and Table 2.8, respectively. Calcalanf the COM of the whole arm is

shown in section 3.2 in detail.

2.2.1.1. Motors

Using the information for the PRL modules, motorigi® parameters are
gathered which is shown Table 2.5 and COM of théonsaelative to their local frames

is shown Table 2.6.

Table 2.5.Motor weight parameters

Designation Motor Weight (kg)
Mma 3.6
Mm2 3.6
Mms 2.0
Mma 2.0
Mms 1.2
Mme 1.2
Mm7 1.0
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Table 2.6.COM of the motors relative to their local frames

COM x(m) y(m) z(m) Joint
CMm1 0 0 (0.110 + 0.0821 — 0.008) Ji
CMnm2 0 0 0 J2
CMm3 0 0 (0.110 + 0.059 — 0.008) J3
CMnma 0 0 0 Ja
CMms 0 0 (0.080 + 0.0535 — 0.008) J5
CMnme 0 0 0 J6
"CMp7 0 0 (0.050 — 0.0068) J7

2.2.1.2. Connectors

For the calculation of the COM of connectors ohjej the effect of the metallic

connectors must be considered between the motorsalble 2.7, connectors’ weight

parameters are listed. Total weight of each commest 3.312 kg. Connectors’ total

weight must be added to whole arm. The COM of thenectors relative to their local

frames is shown in Table 2.8.

Table 2.7.Connectors weight parameters

Designation Motor Weight (kg)
MCo1 0.635
MCi, 0.636
MCs3 0.576
MCs4 0.471
MCys 0.420
MCsg 0.302
MCs7 0.273
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Table 2.8.Center of masef the connectors relative to their local frames

COM x(m) y(m) z(m) Joint
CMmo1 0 0 (0.110 + 0.0821 — 0.008) J1
CMmo2 0 0 0 J2
CMmos 0 0 (0.110 + 0.059 — 0.008) J3
CMmoa 0 0 0 J4
CMmos 0 0 (0.080 + 0.0535 — 0.008) J5
CMmos 0 0 0 J6
CMmo7 0 0 (0.50 —0.0068) J7

2.3. Segway RMP 400: 4 Wheel — Drive Skid — Steering Mdb Base

The Segway RMP400 is the one of the powerful matobot platform [19]. The
RMP400 is powered by four lithium-ion battery paeksd also it has rolling on four

ATV tires [19].

Dimensions, propulsion system pndggs, command interface

properties, performance specifications, battery cifipations, range and energy
specification are listed in Table 2.9 through Tablg4, respectively. The RMP400 is

used in many different applications such as reschetics, farm robotics, etc. Detailed
information about application of the RMP400 carfdaend in [19].

Table 2.9.Dimensions of RMP 400

Dimensions

Value

Overall width
Overall height
Overall length
Weight

79 cm (31 in)
53 cm (21 in)
111 cm (43.51in)
100 kg (220 Ib.)
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Table 2.10. Populsion system properties of RMP 400

Propulsion System Value

Motor torque constant @ motor shaft 0.071 Nm/amp
Motor drive peak current, per wheel 70 amp
Motor drive continuous current, per wheel 24 amp
Gearbox ratio 24:1

Battery pack capacity (total) 1600 watt-hours
Battery pack voltage (nominal) 72 Volts
Tire diameter 53 cm (21 in)
Wheel track width 62 cm (24.5 in)

Table 2.11.Command interface properties of RMP 400

Command Interface Value

Communications link USB external, CAN available ingernal connector
Control Pushbutton interface for power and modectel
Data update rate 100 Hz

Table 2.12.Performance specifications of RMP 400

Performance Value

Top Speed 29 km/h (18 m/h)

Payload 90 kg. (200 Ibs.)

Turning radius Zero (load dependent)
Turning envelope 127 cm (50 in)

Maximum climbing and descending capacity 45 degrees
Controller modes Statically stable control modeyonl
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Table 2.13.Battery specifications of RMP 400

Battery Value

Battery Chemistry Li

Acceptable current 90 to 260 Volts; 50 to 60 Hz.
Charge rate 600 mA per battery
Operating temperature range °Cao 50C (14F to 122F)
Charging temperature range °C0to 50C (14F to 122F)
Battery weight (total) 20.6 kg. (46 Ibs.)

Table 2.14.Range and energy specifications of RMP 400

Range and Energy Value

Range under Optimal Test conditions 24 km (15 mi)
Range under Good conditions 19 km (12 mi)
Range under Severe conditions 10 km (6 mi)
Run time, stationary 8 hours
Recharge Time (from empty) ~ 8 hours
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3. THEORY AND MODELING OF THE NON-HOLONOMIC
MOBILE MANIPULATOR

3.1. Introduction

In this chapter, modeling and identification of tm®n-holonomic mobile
manipulator are presented. The nonholonomic maebéaipulator consists of two parts:
robot arm and mobile base. The Schunk LWA3 mantpula used as robot arm of the
mobile manipulator. Technical and operational prope of the LWAS3 are presented in
section 2.2 in detail. And also, more informatiande found in [13]. The Segway
RMP 400 4WD skid-steering mobile robot is used asbile base of the mobile
manipulator. Technical information of the RMP400 dze found in previous chapter
and [19].

This chapter is organized as follows. In sectidh Binematics, dynamics, control
and analysis of the LWAS are presented. Stabiliigiysis of the developed controller is
examined by motion control experiments. Experimentdidation of the system is
graphically presented at the last part of the se@i2. Results are discussed at the same
part. In section 3.3, the mathematical model of BBPis systematically presented in
detail. The RMP 400 is considered as three submgstmnsisting of electrical drive,
kinematic and dynamic [20 — 29]. Experimental veafion of the mathematical models
of the RMP 400 is planned with two experiments. SEhexperiments are trajectory
tracking control which based on kinematic model aabbcity control which based on
dynamic model. Obtained results from simulationdiseussed at the end of the section
3.3.

3.2. The 7 DOF Redundant Robot Arm

The LWAS3 is a high-accuracy robotic arm for preaisanipulation tasks in both
industrial applications and scientific research&®yever, there are no enough technical
details and information about the dynamic modelofgthe LWA3 from literature
review. Dynamic models of robots define the relaginp between the motion of the
robot and the actuator torques, which is very irtguar for precise control of

manipulators. This section is focused on the derabmt of the dynamic model of the
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LWA3 robot arm, identification of unknown dynamiparameters and the dynamic
control design for the arm. The dynamic model aedired dynamic controller are

verified by a trajectory tracking test through siation.

Dynamic models of manipulators are required inithplementation of the most
advanced model and force based control [1-2, 4¢ dynamic model can be used to
linearize the nonlinear system for not only joipase but also task space [1-5]. It is
very difficult to identify and estimate dynamic pareters. Dynamic model of robot
contains uncertainties in many parameters suchcksaf technical knowledge on robot
parameters, effects of disturbances, unknown enniemtal conditions and unknown
parameters, etc. And also, many control methodssarsitive to these values [6].
Dynamic parameter identification methods have ghimaportance for developing
model based controllers [6]. In general, a standafabt identification procedure
consists of modeling, experiment design, data adtpn, signal processing, parameter
estimation and model verification [1, 5-7]. Therme &vo common methods to obtain
identification of dynamic parameters and formulatiof dynamic model [6]. First
method is to identify friction parameters for egoimt and then to continue to identify
the rigid body dynamic parameters using identifisction parameters. Second method
Is to identify joint frictions and the rigid bodyydamics at the same time. In general,

second method is used commonly.

Tarn, Wu, Xi and Isidori present a sensor basedireabmmethod for force
regulation and robot impact control [2] by usinghdgnic model of robot manipulator.
They used nonlinear feedback linearization metraddiynamic model linearization.
According to [2], the most important part of dynamodeling is feedback linearization
[2, 5].

Featherstone and Orin [14] present reviews sonteeohccomplishments in the
field of robot dynamics research. Wu, Wang and ¥g&jwpresent two different methods
for dynamic parameter identification. These arecdbsd as Off-line and On-line
identification methods [6]. After parameter idertion stage, they perform optimal
trajectory calculation and model verification [Gh. [12], the modeling, identification
and control of the 7 DOF Mitsubishi PA10 robot aare presented in detail. PID
control is performed for model verification in thigork. Voung and Ang[9] present
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dynamic modeling, model identification, friction oels and model-based control of
Mitsubishi PA10 [9]. Torque reconstruction, comglt®rque control and optimal

trajectory planning are performed by using Matlagn€tic algorithms toolbox in [9].

And also, joint tracking error between kinematicl atynamic control are compared for
Mitsubishi PA10 robot arm at [9]. In [9] and [12performed experiments and
methodologies are different, but structures of telare the same. Mitsubishi PA10 is
used in both studies. Unfortunately, there are motlel based experimental studies

about dynamics of the LWA3 manipulator in literaur

Dynamic modeling and dynamic parameter identifaatare more difficult to
state [5]. Dynamic modeling, analysis and contrekign should be performed on
different kind of robots for the enrichment of fa&ure on robot dynamics. To our
knowledge and reviews, our work is the first stodydynamic model verification of the
LWAS3. In this section, the modeling, dynamic modetfification and control of the
LWA3 is implemented. The goal of this section ispt@sent full identification of the
LWA3 and to design dynamic parameter based coetrédr the LWA3. 3D model of
the Schunk LWA3 is shown in Figure 3.1.

Figure 3.1.3D model of the Schunk LWA3 Manipulator

The section is organized as follows. In section13.&tructure of a 7 DOF robot
manipulator is explained. Kinematic models, DH Ealdlynamic model, friction model
are emphasized in this section. Control design atability analysis for model
verification are presented in section 3.2.2. Thetep integration and testing results are
shown in section 3.2.4.
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3.2.1. Modeling and Identification
3.2.2. Kinematics
3.2.2.1. Forward Kinematics

The coordinate frame of the redundant 7 DOF maatpulis shown in Figure
3.2. It has 7 rotational degrees of freedoms. 2 &t used as the shoulder, 2 DOFs
are used as the elbow and 3 DOFs are used as the Wne end-effector of the

manipulator is attached to as tH&link of it.

S

& : (
)

Figure 3.2.Coordinate frame of 7 DOF manipulator

The forward kinematic of the manipulator is defirgdusing Denavit-
Hartenberg representation [8-10]. Denavit-Harteghlwtation is listed in Table 3.1.
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Table 3.1.DH-Parameters 7DOF Modular Robotic System

DH-Parameters 0 d a of

Joint 1 (PRL120) g 300 0 -90
Joint 2 (PRL120) £ 0 0 90
Joint 3 (PRL100) 0| 328 0 -90
Joint 4 (PRL100) fy 0 0 90
Joint 5 (PRLO80) 3| 276.5 0 -90
Joint 6 (PRLO80) € 0 0 90
Joint 7 (PRLO60) ] 385.7 0 0

In Table 3.1d, & andg; are all DH model parameters and they have constant
values.g; is a joint angle and its value is variable [8]eT¢orresponding homogeneous

transformation matrices are:

[(c; 0 —s; O] [(c; 0 s, O
0 c 0 s 0 —¢c, O
A9 = |1 1 AL = |2 2 )
o -1 0 4% |01 0 o0
[0 0 0 1. [0 0 0 1
[cz; 0 —s3 0] [c, 0 s, O
0 c 0 s4 0 —c, O
A2 = |53 3 A3 =54 4 '
710 -1 0 ds|”"* (01 0 o
0 0 0 1 0O 0 0 1
(3.2)
cs 0 —s5 O 6 0 s O
0 c 0 Ss¢ 0 —cg O
A4 = |55 5 A5 = |56 6 '
1o -1 0 ds|”"®* o 1 0 o0
0 0 0 1 0O 0 0 1
C7 _S7 O 0
0 O
A6 =57 @7
710 0 1 d,
0O 0 o0 1
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The relationships between each joint are given3¥)[8]. The transformation
matrix form the end-effector to the base is defibgd3.2). In equation (3.1% andc;
denotesing;, cod); respectively. According to (3.1), forward kinencatan be expresses
as [8]:

7

40 — 1_[14::—1 (3.2)

i=1

The position and orientation of the end-effectan ba get by using (3.2) with

joint anglesQ = [q1... o] ".

3.2.2.2. Inverse Kinematics

The problem of inverse kinematics is to find thenjaangles, given the end
effector position and orientation [5, 7, 10]. Inngeal, inverse kinematics is much
harder than forward kinematics. Especially, theusoh of inverse kinematics of
redundant manipulators is more complex and it ¢ogstdoo many constraints.
Definition of inverse kinematics problem is to finthe Cartesian position and
orientation of the end-effector in the form of t#x4) homogeneous transformation

matrix A9, determine the joint variab{@,, ..., 8,).

Solving joint angle 8,4

To the 7-DOF redundant manipulator discussed is ¢hapter, for a specific
Destination Matrix49 of it, the origin of coordinate systef can be verified solely.
Because the joint angle valée just change the orientation relationship of cooatk
systemX, and coordinate systefy, while it have no effect on the position relatioipsh
of the two coordinates systems. Then the originthef coordinate systeri; can be

calculated:
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P6x
] ey (3.3)

The same case, the joint andle will not affect the position relationship of
coordinate systen¥, and coordinate systeml, which means that the origin of
coordinate systenf, is P2 =[0 0 d, 1]7. Based on the analysis above, it is
obvious that when the Destination Matrix is fixeéle position of?? andP) are also
verified. Then the distance of these two pointsloacalculated:

Lo = 1IP0 P (34)

Figure 3.3.Chart for Solvingg,

Based on the physic structure of the manipulatas easy to find that joint 2,
joint 4 and joint 6 form a triangle. The distancenfi joint 2 to joint 4 and from joint 4
to joint 6 are constant which agig andds. Since the length of the three sides has been

identified, 8, is calculated with cosine theorem:

0y =% (- cos™ <d32 +ds —L262>> (35)
4 — L

2dsds
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Definition of extra constraint

This 7DOF redundant manipulator has an interesigragure that the rotation
axis of the first three joints perpendicular to leather and cross in one point. Korein
has proved this type of structure is equal to a&spal joint and it can rotate through

y, zaxis simultaneously.

Figure 3.4.Definition of Elbow Angle

As shown in Figure 3.4, the structure composed Hey first three joints is
defined as Shoulder (S) like human arm and thelailyithe structure composed by the
last three joints is defined as Wrist (W). Since 8houlder and Wrist are both equal to
spherical joints, the Elbow (E) can rotate aroumel Yirtual axisw. The path of the
Elbow is a circular. In order to calculator the iios of Elbow, a mathematical
expression of this circular is deduced below. Toerdinate system of Elbow rotation

plane is defined a@‘E‘);E,gE,OEj (Xg, Vg, Zg, 0g), in whichog is the origin andig, y; and

Zg are three axis respectively. Based on base caalgystent),:

P P} ZyXZp Zg X Xp (3.6)

Zg = —s——o=, Xp =5 ——=, Vg = i5——=and og = cos(f) X d3 X Zg
”Peo onll 1Zo X Zg || |Zg x Xl

—ds?+Ly4>

2
where z,=[0 0 1]7, ,6’=cos‘1(d3 o ) and radius of this circular
3L26

R = sin(B) x d3. After the definition of rotation plane coordinatsystem an angle

that express the elbow rotating througghcan be defined as Elbow Angtg :
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(3.7)

ap = (EogXg

Based on the analysis in last chapter, it can baddhat the ideal range of the
elbow Anglea; is from 0 to Z. For any specific value of Destination Matié¥ and

Elbow a; Angle, the position of the elbow is fixed and candalculated as:

E(ag) = og + R(cos(ag) X ¥g + sin(ag) X ¥g) (3.8)

SO|Ving 01, 02, 03 and 05, 061 07

In this kind of 7-DOF redundant manipulator, théuea of joint angl&s, 6,, 6,
do not affect the position &, EandW, which means that the plane compose®sby

andW s solely verified byd,, 8, 05.

As shown in Figure 3.5, we define the origin pasitof SEwplane as¥,, i,
and destination position of this planelig.s; . The origin position is whe#y, 8,, 05 are

equal to 0 and the destination position is wher= P? and E = E(ag).

WOrigin
Desti
6, gPDest E(a)
Z Desti .
EOrigin I::> i YDeS“ 0 N
7 Origin X Desti )
Origin > Desti W Desti
/ XOrigin

ZOrigin <Prigin U

R S
Figure 3.5.Rotation of SEW Plane

2origin CaN be defined as:

Eorigin - Sorigin (3 9)

”Eorigin - Sorigin”

Zorigin -
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(Worl’gin - Sorigin) - ((Worigin - Sorigin) + Zorigin) X Zorigin

|| (Worigin - Sorigin) - ((Worigin - Sorigin) + Zorigin) X Zorigin ||

Xorigin =

Yorigin = Zorigin X Xorigin

Similarly, ¥ ;. is defined as:

7 _ E(“E) - Sdest
dest ”E(aE) - Sdest”

(Wdest - Sdest) - ((Wdest - Sdest) + Zdest) X Zdest (310)
”(Worigin - Sorigin) - ((Wdest - Sdest) + Zdest) X Zdest”

Xiest =

Yaest = Zaest X Xaest

Then the rotation matrix of Shoulder fra¥p,.; i, 10 245 iS

(3.11)

RS= [Xdest Ydest Zdest]X[Xorigin Yorigin Zorigin]T

There is another expression of this rotation matBigcaused;, 8,,6; are the

ZYZ Euler angle of spherical joilf§ Rg can be rewritten as:

cl —s1 0][c2 0 s2][c3 —s3 O
Rs(01,63,03) = [51 cl OH 0 1 0Hss c3 0] (3.12)
0 0 1l-s2 0 c2llo 0 1
So letRs(8,,6,,605) = Rg, thend,, 6,, 65 can be calculated.
The solving forfs, 8, 6, is extremely similar with9,, 8,, 8. First, Destination

0 0
matrix is rewritten as? = [%7 p17] , in whichR? is the destination rotation matrix. It

is easy to get

c4d 0 s4
—s4 0 c4
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0s,0¢,0, are also the ZYZ Euler angle of spherical joiM.and R, can also be

rewritten as:

c5 —s5 0][c6 0 s6][c7 —-s7 0
Rs(0s,06,07) = [55 c5 o] [ 0 1 ol [57 7 0] (3.14)
0 0 Ul-s6 0 c6ll0 0 1

We can see that equations (3.12) and (3.14) arsdh® rotation matrix with
which the value obs, 6, 6, can be calculated. So, for a specific destinatiatrix and

the elbow angle, solution ¢f = [6; ... 6,]T can be get.

3.2.3. Calculation of the Center of Mass of the Whole Arm

Technical data can be found about the manipulator its brackets in [13].
Motor's weight and connector's weight are showedTiable 2.5 and Table 2.7,
respectively. And also, the center of mass of tlidons and the center of mass of the
connectors relative to their local frames are stibimeTable 2.6 and 2.8. The center of

mass of the whole arm can be estimated as equatibs).

T=1 CMm;Mm; + X7_, CMc_yyyMc—1)a)
T Mmy + X7 Mc_1yq)

COM = (3.15)

where;COM is the center of mass of whole ai@iVim is the center of mass df motor

relative to base framé&im is mass oft"

motor, CMc;.1)) is the center of mass of the
connector between motofisl) and(i) relative to base fram&jc.1)i) is the mass of the

i™ connector between motafisl) and(i).

Transformation of each motor’'s local coordinatedase frame can be written

as:

CMm) = A?CMm; (3.16)

L ?
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In equations (3.16;Mm, denotes the center of mass of fRenotor relative to
their local frames. By using the same definitiomnsformation of each connector’s

local coordinates to base frame can be written as:
CMc? = A%CMcl™? (3.17)

In equation (3.17)CMc} is the center of mass of thi8 connector relative to
their local frames. Total mass of motors and tottter of mass of motors can be
written as a form of equation (3.18) and equat®ag), respectively.

7
TCMmotors = Z CMML'MML' (318)
i=1
7
TMmotors = Z MML' (319)
i=1

Total mass of connectors and total center of massrmmectors can be written as

a form of equation (3.20) and equation (3.21), eetipely.

7
TCMconnectors = z CMC(i—l)(i)MC(i_l)(i) (320)
i=1
7
TMConnectors = Z MC(i—1)(i) (321)
i=1

According to equations (3.18), (3.19), (3.20) aB®1), the equation (3.3) can be
written as a new form which equation is in below2 3.

CM — TeMmotors + TcMeonnectors 3.22
Lwas = ¢ +T 822
Mmotors Mconnectors
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3.2.4. Kinetic and Potential Energy of the LWA3

The kinetic energy of the rigid body can be writesxcommon form as seen in
(3.23)

1 1
K= EmvTv + EwTIw (3.23)

wherem is the total mass of the objeet,and w are the linear and angular velocity

vectors, respectively. denotes the inertia tensor which is symmetric i3vedrix.

3.2.4.1. The Inertia Tensor

It is understood that the above linear and anguédocity vectors,yv andw,
respectively, are expressed in the inertial framehis case, we know that is found

from the skew symmetric matrix [5, 7].
S(w) = RRT (3.24)

whereR is the orientation transformation from the bodaeltied frame and the inertial

frame [5]. It is therefore necessary to expressirteetia tensorZ, also in the inertial

frame in order to compute the triple prodaciZw. The inertia tensor relative to the
inertial reference frame will depend on the confadion of the object [5, 7, 17]. If we
denote as the inertia tensor expressed instead in the bddgleed frame, then the two

matrices are related via a similarity transforma@ecording to
T =RIRT (3.25)

The inertia matrix expressed in the body attachraché is a constant matrix
independent of the motion of the object and ealyputed [5]. Let the mass density
of the object be represented as a function of pposip(X, y, z)[5, 7]. Then the inertia

tensor in the body attached frame is computed as
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Where
L, = J-ff(yz + z)p(x,y,z)dx dy dz
L, = ff (x% + z9)p(x,y,z)dx dy dz
L= ||| @2 + 2wy dx dy d
And

Ly =1L, =— jff xyp(x,y,z)dx dy dz
L,=1, =— jff xzp(x,y,z)dx dy dz

Ly, =1, = — fff yzp(x,y,z)dx dy dz

(3.26)

(3.27)

(3.28)

(3.29)

(3.30)

(3.31)

(3.32)

The diagonal elements of the inertia tensgq, lyy, 1, are called the principal

moments of inertia about the y, andz axes, respectively [5]. The off-diagonal terms

Ixy, Ixz lyz are called the cross products of inertia [S]h# mass distribution of the body

is symmetric with respect to the body attached &athen the cross products of inertia

are identically zero.

3.2.4.2. Kinetic Energy for a 7DOF Robot Arm

Linear and angular velocities of any point on anik tan be expressed in terms

of the Jacobian matrix and the derivatives of thietjvariables [5]. Since, in our case,
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the joint variables are indeed generalized cootdmait follows that, for appropriate

Jacobian matrice§, and/,, , we have
vi =/, (@)q (3.33)
w; =], (@)q (3.34)

Now, suppose the mass of linkis m and that the inertia matrix of link
evaluated around a coordinate frame parallel tmdriabut whose origin is at the center

of mass, equall. Overall kinetic energy of the manipulator canNyéten as:

K = 24"D()d (3.35)

7

M@ = ) (130, @, (@ + @ R(DIR D (@) (3.36)

i=1

M(qg) is an nxn configuration dependent matrix called thass-inertia matrix. The
inertia matrix is symmetric and positive definite iny manipulator. Symmetry M(q)

is easily seen from equation (3.36).

3.2.4.3. Potential Energy for a 7DOF Robot Arm

In the case of rigid dynamics, the only sourceatkptial energy is gravity [5, 7,
17]. The potential energy of th# link can be computed by assuming that the mass of

the entire object is concentrated at its centenaés and is given by
Pi = ml-gTrCl- (337)

whereg is the vector giving the direction of gravity imetinternal frame and the vector
rei gives the coordinates of the center of the madimloi. The total potential energy of

the 7 link robot is therefore

7 7
P = Z Pl' = Z migTra- (338)



3.2.4.4. Equations of Motion

First, the kinetic energy is a quadratic functidthe vectorg of the form
1 .. . ..
k=3q M(q)q = Z dij(9)4:4; (3.39)

whered;; are the entries of thexninertia matrixM(q), which is symmetric and positive
definite for eachy € £", and second, the potential ene®yy= P(q) is independent of

q. We have already remarked that robotic manipudagatisfy these conditions [5].

The Euler-Lagrange equations for such a systembeamerived as follows. Using

equation (3.39) we can write the Lagrangian as
1 ..
L=K=P =5 dy(@aud; - P(9) (3.40)
ij

The partial derivatives of the Lagrangian with esszo the" joint velocity is given by
oL B ,
Ero Z dijd; (3.41)
j

And therefore

d JdL
dtaa, Z kjdj Zd djq; = dejqj qqu (3.42)

Similarly the partial derivative of the Lagrangiaith respect to th&" joint position is

given by

oL 1~00d; . . P
aqk 2 ij aqk qlq] aqk (343)

Thus, for eaclk=1, ..., n the Euler-Lagrange equations can be written as
Zd . +z{adkj 16du} opP
4 kj4dj 9q, 2 0qx q:q; + Oq =T (3.44)

i,j
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By interchanging the order of summation and takadlyantage of symmetry,
one can show that

adm 0d; adm ,
q:iq; = 24 T 4:4; (3.45)

Hence
. aq; 28q i) = . 2(0q; 0q; Oqy id; :
ady; 16dU o
' 3¢, 204, q.9; = Cijkqiq; (3.47)

i,j iJj

Where we define

1(0dy; ady 0d;
Cijk =5 + -
2(0dq; 0dq; 0qy

The terms oty in equation (3.48) are known as Christoffel synslfél. For a
fixed k, we havecik=cji, which reduces the effort involved in computinggl symbols

by a factor of about one half. Finally, if we defin

_ 9P (3.49)
Then we can write the Euler-Lagrange equations as
7 = Z iy (@i + 2 Z Cuje (@) + 9 (@) (3.50)

i=1 j=

In the above equations, there are three typesofterl he first type involves the
second derivative of generalized coordinates. Heeryd type involves quadratic terms
in the first derivatives of], where the coefficients may dependrThese latter terms
are further classified into those involving a prodaf the typej? and those involving a

product of the type;q; wherei # j. Terms of the typ@g? are called centrifugal, while
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terms of the typej;q; are called Coriolis terms. The third types of terare those

involving only q but not its derivatives. This third type arisesnir differentiating the

potential energy. It is common to write equatiorb(3 in matrix form as

T=M(q)§+C(q,9)q+ g9(q) (3.51)

In equation (3.51), friction and other disturbafceces are neglected. (3.51) is
dynamic forces’ equation in ideal condition. We @aid friction terms and other as a

new term into the (3.51). Now, we have

T=M(@)§+C(q,9)q+g(q@) +F(@Q)+T, (3.52)

Where,z is the &1 vector of joint torques supplied by actuators, gnslthe %1 vector
of joint positions, withg=[ 6, 6> , 63, 04 , s, 86, 67 1". M(q) is an &7 matrix, called
mass matrix of the manipulator. The vectig, §) represents torques arising from
centrifugal and Coriolis forces [5, 10]. The vect®fq) represents torques due to
friction acting at the manipulator jointg(q) represents torque due to gravity [9,10] with
9(q)=[91(q), ..., g(@)]". Tq is a vector of unknown signals due to un-modebgtachics

and external dynamics [5].
In equation (3.52), thék,j)™ element of the matri€(q, ¢) is defined as

7
Ckj = Z Cijk(@)q;
i=1

(3.53)
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3.2.5. Dynamics

The manipulator is modeled as a set of 7 movingl rigpdies connected in a
serial chain with one end fixed to the ground dm&ldther end free[1, 5-7]. The bodies
are joined together with revolute joints; theraitorque actuator and friction acting at
each joint. The Euler-Lagrange equations are usetefine dynamic model [5]. The
vector equation of motion of such a device can bitem in the form of equation
(3.54)[9, 10].

T=M(q)§+C(q,q) +9g(q)+F(q) + Ty (3.54)

In equation (3.4); is the &1 vector of joint torques supplied by actuators, gand
is the %1 vector of joint positions, wity=[61,6>, 03, 6, 05,0607 1". M(q) is an X7
matrix, called mass matrix of the manipulator. Meetor C(q, §) represents torques
arising from centrifugal and Coriolis forces [5,]1The vectorF (q)represents torques
due to friction acting at the manipulator jointg(q) represents torque due to
gravity[9,10]. T4 is a vector of unknown signals due to un-modelgdachics and
external dynamics [5]. The dynamic equations of menipulators can be written as

compact form (3.55):

T=M(q)q+0Q(q.q) +Tq (3.55)

where the vecto(q, g)represents torques arising from centrifugal, Cajajravity,
and friction forces[5]. Th@¢" element of (3.55) can be written in the SOP fojm[5

Uj v;
T :zmﬁfji(q'q)+Zqﬁgﬁ(q'q)+de (3.56)
i=1 i=1

3.2.6. Friction Model

Friction is a complex nonlinear force that is ditfit to model accurately [17], it
has effects on robot dynamics. This situation wasrened and proved experimentally

in many studies [9-12, 17]. The effects of frictioan also be modeled as a generalized
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force applied to the joints of the arm [17]. Comeorts of friction are examined using

the following frictional force model for each joint

—19kl
(@) = b + sgn(ai) b + (b — be < (357)

where; sgn denotes the signum or sign functidy, bﬁ andbj, is viscous friction,
dynamic friction and static friction coefficient$ the joint k, respectivelye is a small

positive parameter. According to (3.57), totaltioa of whole arm can be expressed as:

F@) = be(@ (3:58)
k=1

In equation (3.57) and (3.58), the frictional foeqgroacheg-b; wheng, — 0.

Each joint of the LWAS is directly driven. Hencaefficients of friction are very small.
Friction effects can be neglected because of #asan. In this study, total friction force

is added to the dynamic model as a small distudaanc

3.2.7. Control Design

The end-effector trajectory tracking experimenpeésformed for verification of

dynamic model of the LWA3. The structure of contest is shown in Figure 3.6.

el Ry L X
Generator N Controller

q.q

Figure 3.6.Control Law Structure

The trajectory of the end-effector was configurexl equation (3.59). The

trajectory is given by
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1+ sint
t
2 + cost

X

where, t denotes time arid; is a trajectory vector. All joints of the maniptda are

moved when the end-effector tracks selected tm@ject Thus, changes of torques can
be observed for all joints. The implemented coni@@l is chosen the simplest form to

verify the dynamic model. A control signal was desd in the form of
u=Kp(Gqq—q) +Ky,(qa — q) (3.60)

where,u is a control signal. Finally, an inverse dynanoatroller was applied to (3.60)
in the form of (3.61).

T=M(@u+C(q,Pu+g(q) +F(q) + Ty (3.61)

In Equation (3.61)u is a control signal which is produced by PD caofgroKp
andKp are 7x7 diagonal positive definite matrices ofngaM andC matrices of the
dynamic model were defined in equation (3.54}).and g, are desired position and

velocity, respectively.

3.2.8. Models Verification

PD controller and trajectory generator were dewedopy using C#.Nefg; and
qs commands were send from developed interface tdRtitleoWork which is robotic
simulation tool developed by Newtonium Research upfb8]. Communication
between RoboWorks and C#.Net is supported by Rdkod@mmunication protocol
[18]. Desired trajectory and end-effector trajegtoacking performance are illustrated

in Figure 3.7.
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z-axis

Figure 3.7.Desired trajectory and end-effector trajectoryknag
performance

Calculatedg andg were gathered from simulation tool by using C#pé&mxment
results are shown in Figure 3.9 -3.14 when end:tdfetracked generated trajectory
which was formulated in (3.59). According to sintida results, accuracy of developed

model-based controller can be seen graphicallygarg 3.9 to 3.14.
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Figure 3.8.Joint angle of joint 1
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Figure 3.10.Joint angle of joint 3
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Figure 3.12.Joint angle of joint 5
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Figure 3.14.Joint angle of joint 7

In this section, dynamic modeling, control and gsal of the LWA3 was

performed in simulation environment. Friction fasogere modeled and were added to

dynamical model as a disturbance. The parametettseadlynamic model were defined
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in detail and grouped. A model-based PD contrallas developed and it was used to
evaluate the identified dynamic model with trajegtmacking experiment. Accuracy of
proposed model was verified in this experiment. gkding to Figure 3.5, stability of
each joint can be observed. Consequently, devajagymamic model-based controller
for the LWA3 is high importance. Because, the S&huNVA3 redundant 7-DOF
manipulator is used not only scientific researdmsalso industrial applications. There
are not enough researches in literature aboutkimg of manipulators. Simulation
results verify that dynamic model of the manipulasoused accurately.

3.3. The 4 Wheel — Drive Skid — Steering Mobile Robot /D-MR)

In this section, a mathematical model of the skesksng four wheel drive mobile
robot (SSMR) moving on a planar surface is desdrikich is shown in Figure 3.15.
Free body diagram of the SSMR is shown in Figure6.3In this study, Segway
RMP400 (RMP400) skid-steering mobile robot is uBBdSSMR. Technical details of
RMP400 were explained in detail in Chapter 2.

Figure 3.15.The Segway RMP400 Mobile Robot

Now, kinematic and dynamic models of RMP400 arenidated. And then, the
closed-loop control system for control of RMP400l we described. The aim of this
section is to analyze the characteristic behai®@3MR and to develop the closed-loop
controller for RMP400. According test results, RMB4 main characteristics are

observed as stability, sensitivity, maneuverahibiyd accuracy.
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Figure 3.16.Free body diagram of the SSMR

General approach to analysis and to develop cofdiro6SMR is divided into
three parts including electrical drive subsystemematics and dynamics [21-22]. This
approach is commonly used to analyze mobile rolbiish are powered by electrical
motors [21-23]. Block diagram of an electricallyvén mobile robot is shown in Figure
3.17.

Mobile robot

1

Electrical | K
input Electrical |Torque

drive >

subsystem

Velocit); Kinematic

1

|

I

|

Dynamic '
subsystem |
1

|

|

1

subsystem

N
N

Figure 3.17.Block diagram of an electrically driven mobile rébo

As seen in Figure 3.17, first electrical input geerted from voltage to torque
by electrical drive subsystem. And then, torqueasverted to velocity by dynamic

subsystem. Finally, kinematic subsystem converiigcity to position.
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Figure 3.18.Turning model of the SSMR

The radius of the turn can be calculated from sinties of triangles [21] as

seen in Figure 3.18.

V4V d
- 2 3.62
by =22 er Vi (3.63)

In (3.62) and (3.63);; andv,; denote the desired radius and speed, respectively.
V, andV; are the desired outer and inner wheel speedsecegply.d is a distance
between the right and the left wheelg.andv, are the inputs of the simulation. After
entering simulation inputs, the inner and outeregpean be calculated from (3.62) and
(3.63) [21].

3.3.1. Modeling of Electrical Drive Subsystem of the RMP40

In this section, drive model of RMP400 is formuthtdt is assumed that the
robot is driven by four DC brushed motors with magbal gears [23]. 4WD skid-
steering electric vehicles are driven by four safminduction motors in each wheel.

Configuration of right side of motorized wheelsRi¥1P400 is shown in Figure 3.19.
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Figure 3.19Configuration of right side of Segway RMP 400

Induction
motors

Considering only one drive and assuming for sinijglithat the torque,,; produced by

thei™ motor is linearly dependent on the rotor curiigptz,,; can be expressed as [23]:
Tmi = kiiai (363)

where, k; is a motor torque constant. The voltage equatibthe armature can be

expressed by the following linear relationship [23]

d
Uijpg = LaEiai + Rglgi + kewm; (3-64)

where,L, andR, denote the series inductance and resistance obtibies, respectively.
k. is the electromotive force coefficient, white,,; is the angular velocity of the
rotor[23]. Since the™ actuator is equipped with gears characterized bgtian > 1
[23], (3.63) and the angular velocity can be raemntas

T = nkiial- (365)
Wmi = NW; 3.66)
mi L (

In (3.65) and (3.66), some dynamic effects of iaeahd backlash of gears have
been neglected. As seen in Fig. 3.10, a new inmiral signah:,, on the voltage level

is defined as
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T (3.67)

UpgR

Where,u,,; andu,,z are motor voltage signals on the left and rigtie 9f the vehicle,

respectively. Since, each pair of motors is eleally and mechanically coupled, we

have

e Rl i 368
and

ol i B il (3.69)

Assuming that all motors and gears have the samameders and using (3.63)-(
3.69), the following voltage-current equations banwritten as:

T = Zkl-nia (370)

d
Upg = ZLQEL'Q + 2R,i, + 2k . nw,, (3.71)

3.3.2. Kinematics

To consider the kinematic model of the RMP400s iassumed that the robot is

placed on a plane surface with the internal orthorab basis(X,,Y;, Z;). A local

coordinate frame denoted Ify,, y;,z;) is assigned to the robot at its center of mass
(COM). The coordinates of COM in the internal frarm@n be written a€OM =
(X,Y,Z). Since in this section, the plane motion is com®d only, the z-coordinate of

COM is constant.

Suppose that the robot moves on a plane with limekocity expressed in the

local frame as
v = ['Ux vy O]T (372)
and rotates with an angular velocity vector.
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w=[0 0 w]” (3.73)

g=[x v 6] (3.74)
is the state vector describing generalized cootdgaf the robot, then

=[x v oI (3.75)
denotes the vector of generalized velocities. FFogure 3.7, it can be noted that the
variablesX andY are related to the coordinates of the local vejogctor as follows

HE | (3.76)

Furthermore, because of the planar motion, onewded = w.

It is obvious that equation (3.76) does not impasg restrictions on the SSMR
plane movement, since it describes free-body kiniesianly. Therefore it is necessary

to analyze the relationship between velocitieslandl velocities.

Suppose that thi" wheel rotates with an angular velocity (t), wherei = 1,
...4, which can be seen as a control input. Fopkaity, the thickness of the wheel is
neglected and is assumed to be in contact withplluiee at pointP; as illustrated in
Figure 3.20. In contrast to most wheeled vehidles,lateral velocity of the SMRRy,
is generally nonzero. This property comes frommiezhanical structure of the SSMR
that makes lateral skidding necessary if the vehotlanges its orientation. Therefore
the wheels are tangent to the path onlwif 0O, i.e., when the robot moves along a

straight line.

In this description, we consider only a simplifiease of the SSMR movement
for which the longitudinal slip between the wheatsl the surface can be neglected.

According to this assumption, the following relatican be developed:

Vix = TiW; (377)
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wherevy is the longitudinal component of the total velgoiector vi of thei™ wheel
expressed in the local frame andlenotes the so-called effective rolling radiughait

wheel.

Figure 3.20Velocities and forces of one Wheel

To develop a kinematic model, it is necessary te tento consideration all
wheels together. In Figure 3.21, the radius vecidys= [dix diy]T and d; =
[dex  dey]T are defined with respect to the local frame fromitistantaneous center of
rotation (ICR). Consequently, based on the geometryigure 3.21, the following
expression can be deduced:

vl _ vl

ldill — ldell

llowll (3.78)

or, in a more detailed form:

Vix Uy Viy Uy

= =—==—==0 3.79
_diy _dCy dix dCx ( )

where, the symbd|. || denotes the Euclidian norm.
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v

Figure 3.21Wheel velocities

Defining the coordinates of the ICR in the localnfre as

ICR = (Xicr, Yicr) = (_dxC'_dyC) (3.80)

Allows us to rewrite equation (3.79) as follows:

v v,
=2 =y (3.81)
YicrR  Xicr

From Figure 3.21, it is clear that the coordinatésvectorsd, satisfy the
following relationships:

dly = dzy = dcy + c,
o =y = ey =6 (3.82)

iy = dyx = dex — q,

dyx = dsy = dcgy + b,

wherea, b andc are positive kinematic parameters of the robotaleg in Figure 3.16.
After combining Equations (3.79) and (3.82), thikofwing relationships between wheel
velocities can be obtained:
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VL = Vix = Vox

VR = U3y = Vsy, (3.83)

Vr = Uzy = Ugy,

Vp = Uly = U4y,

where vi and vg denote the longitudinal coordinates of the lefd amght wheel
velocities,ve andvg are the lateral coordinates of the velocitiesha front and rear

wheels, respectively.

Using (3.79)—(3.83) it is possible to obtain thdldwing transformation
describing the relationship between the wheel viééscand the velocity of the robot:

vy 1 —C

vr| |1 c (7

Ve| T 0 —Xxicrtb [a)] (3.84)
Up 0 —Xicr—a

In accordance with (3.77) and (3.83), assumingttiaeffective radius ig = r

for each wheel, we can write
AR (3.85)
Ww = [CUR] - ;[UR )

wherew_ are wg are the angular velocities of the left and rigtiteals, respectively.
Combining (3.84) and (3.85), the following approated relations between the angular

wheel velocities and the velocities of the robat ba developed:

wp + wp
_[Vx] _ 2
n= [w] =70, % o (3.86)
2C

where,n is a new control input introduced at the kinembaicl.

From the last equation it is clear that, theordticghe pair of velocitieso_ and
wRr can be treated as a control kinematic input sigisalvell as velocities, and w.
However, the accuracy of the relation (3.86) moddpends on the longitudinal slip and
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can be valid only if this phenomenon is not domtnémaddition, the parametersand
¢ may be identified experimentally to ensure a highdity of the determination of the

angular robot velocity with respect to the anguigocities of the wheels.
To complete the kinematic model of the SSMR, thie¥ang velocity constraint
introduced in [30] from (3.81) can be considered:

Uy + xICRé =0 (387)

The last equation is not integrable. In consequehckescribes a nonholonomic

constraint which can be rewritten in the Pfaffiamfo
[—sinf cos® xillX v 61" =A(q)g=0 (3.88)

where, Equation (3.76) has been used. Since therglered velocityg is always in the

null space ofA, we can write

q=S(@n (3.89)
where
ST(@A" (@) =0 (3.90)

and

cosl  x;crsinb
] (3.91)

S(q) = [sine —X;crCOSO
0 1
It should be noted that sineéém(n) = 2 < dim(q) = 3, Eqgn. (3.89) describes
the kinematics of the robot, which is under actdatédditionally, this is a
nonholonomic system because of the constraint ibestby (3.87). It is interesting to
see that the analyzed kinematic model of the SS&fuite similar to the kinematics of

the two-wheel mobile robot presented by [23].

From (3.71) and (3.74) it can be seen that cordfalhe v, and vy velocity
coordinates is not possible without the knowledfjéhe x-axis projection of the ICR.

Therefore, considering the linear velociy and the angular velocity as control
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signals seems to have an advantage over the psepiapositions presented by [23]
and [30] where instead of, the velocityy, is used.

3.3.3. Dynamics

In this section the dynamic properties of the SSEHR described, since the
dynamic effects play an important role for suchigigls [24]. It is caused by unknown
lateral skidding ground interaction forces. Fitee wheel forces depicted in Figure 3.11
are examined. The active forEg and reactive forc®\; are related to the wheel torque
and gravity, respectively. It is clear that thatis linearly dependent on the wheel

control inputz;, namely,

Tj

According to [23-26], we assume that the verticatéN; acts from the surface
to the wheel. To consider the four wheels of thkicle (Figure 3.22) and neglecting

additional dynamic properties, we obtain the foilogvequations of equilibrium:

Nla = sz,
N,a = Nsb, (3.93)
Z?=1 Ni =mg,

where m denotes the vehicle mass agds the gravity acceleration. Since there is

symmetry along the longitudinal midline, we obtain

b
Nl_N4_mmg;
(3.94)
N, =N, = ¢
2= =G+
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)Xg

Figure 3.22Active and Resistive Forces of the RMP400

Assume that the vectdts; results from the rolling resistant momentand the
vectorF; denotes the lateral reactive force. Based on BJ3#se reactive forces can
be regarded as friction ones. However, it is imguarto note that friction modeling is
quite complicated since it is highly nonlinear addpends on many variables.
Therefore, in most cases only a simplified approkimmadescribing the frictioff; as a

super- position of Coulumb and viscous frictiomamsidered. It can be written as
F¢(0) = ucNsgn(o) + u,o (3.95)

wheres denotes the linear velocitid is the force perpendicular to the surface, while
andp, denote the coefficients of Coulumb and viscougidmg respectively. Since for
the SSMR the velocity is relatively low, especially during lateral slgge, the relation
u:N > |u,a| is valid, which allows us to neglect the tepga to simplify the model. It
is very important to note that the function (3.9%)not smooth when the velocity

equals zero, because of the sign funcggng). It is obvious that this function is not
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differentiable a0 = 0. Since a continuous and time differentiabledet®f the SSMR

should be obtained, the following approximatiortte$ function is proposed:
2
sgn(o) = ;arctan(ksa) (3.96)

wherek, > 1 is a constant which determines the approximatmuacy according to

the relation
2
klim ;arctan(ksa) = sgn(x). (3.97)

Based on the previous deliberations, the frictimmeds for one wheel can be written as

Fy = weimgsgn(vy,;) (3.98)
Fg = ﬂscimgsjg\n(vxi)- (3-99)

where Wi and ps; denote the coefficients of the lateral and longitad forces,

respectively.

Using the Lagrange-Euler formula with Lagrange ipli#rs to include the
nonholonomic constraint (3.87), the dynamic equmtd the robot can be obtained.
Next, it is assumed that the potential energy efrdbotPE(q)=0 because of the planar

motion. Therefore the Lagrangiarof the system equals the kinetic energy:

L(q,9) =T(q,9). (3.100)

Considering the kinetic energy of the vehicle aretjlecting the energy of
rotating wheels, the following equation can be dgved:

1 1
T = EmvTU + EZwZ (3.101)

wherem denotes the mass of the robot ahis the moment of inertia of the robot about

the COM. For simplicity, it is assumed that the sndistribution is homogeneous.

Since v"v = v + v = X? + Y?, equation (3.101) can be written in the

following form:
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1 . .1,
T =mX?+¥?) +5162 (3.102)

After calculating the partial derivative of kine@mnergy and its time-derivative,
the inertial forces can be obtained as

d (aE")— mX = Mj 3.103
dt\ag )~ ™Y (=M (3.103)
16
Where
m 0 O
M=|0 m 0 (3.104)
0 0 I

Consequently, the forces which cause the dissipaifcenergy are considered.
According to Figure 3.22, the following resultantdes expressed in the inertial frame
can be calculated:

4 4
Fr@) = €050 ) Fiy(vs) = 5in0 ) Fy(vy), (3.105)
i=1 i=1
4 4
E.,(q) = sinf z Fs;(vyi) + cosO Z Fj; (vyi), (3.16)
i=1 i=1

The resistant moment around the COW),can be obtained as

_ z Foi(vy) + Z Fsi(vxi)] (3.107)

i=1,2 i=3,4

M,.(g) = —a z Fi(vyg) + b z Fi(vy) +c

L:1,4 l=2,3

To define generalized resistive forces, the vector
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R(@) = [Fx(@) Ey(@) M (P]" (3.108)

is introduced. The active forces generated by theators which make the robot move

can be expressed in the inertial frame as follows:

4
E, = cos6 Z F; (3.109)
i=1
4
F, = sinf Z F; (3.110)

The active torque around the COM is calculated as
In consequence, the vectoof active forces has the following form:

Fy

E

M

F= (3.112)

Using (3.82), (3.109)-(3.111) and assuming thatrdukus of each wheel is the

same, we get

4
cos6 Z T
i=1
4
sinf z T
i=1

_C(_Fl_F2+F3+F4)_

(3.113)

N | =

To simplify the notation, a new torque control ibhpis defined as

60



=[] 17 o119

wherer_ andzg denote the torques produced by the wheels orethard right sides of

the vehicle, respectively. Combining (3.112) and 13), we get
F =B(q)t (3.115)
where B is the input transformation matrix defirasesd

1 cos@ cos0
] (3.116)

B(q) = - [sin@ sinf
" —¢ c

Next, using (3.103), (3.109) and (3.115), the felllg dynamic model is

obtained:

M(q)j +R(q) = B(q)T (3.117)

It should be noted that (3.117) describes the dycgof a free body only and does not
include the nonholonomic constraint (3.82). Therefa constraint has to be imposed on
(3.117). To this end, a vector of Lagrange mukigdj 2, is introduced as follows [20-
26, 34-37]:

M(q@)§ + R(q) = B(q) + AT(q)2 (3.118)

For control purposes it would be more suitablexpress (3.118) in terms of the
internal velocity vector. Therefore, (3.118) is multiplied from the left BYq), which

results in

ST(@M(@)G + ST(@R(@) = ST(q)B(q) + ST(9)AT (q)2 (3.119)

After taking the time derivative of (3.89), we oibta

q=S(@n+S@n (3.120)
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Next, using (3.120) and (3.89) in (3.118), the dgyitaequations become

Mn+Cn+R =Bt (3.121)
Where
C_' = STMS = mxICR O 0 (3122)
—0  Xicr
M =STMS = [m 0 (3.123)
0 mxjg+1 '
= Ex(@) |
R=STR = X ) 3.124
LCICRFry(Q) + M, | ( )
_ 1
B=sB==[1 1] (3.125)
rl—c ¢

3.3.4. Control Algorithm

Common approach to define mathematical model of dleetrically driven
mobile robots is to divide system into three p§2ts-28]. These are electrical driven,
kinematic and dynamic subsystems. Motion contrahefRMP400 is often regarded as
trajectory tracking control. Here, we regard itlas motion control system that has two
sub-systems, that is, trajectory tracking controbé kinematic level and velocity

controller at dynamic level [25]. Such a controstgyn is illustrated in Figure 3.17.
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Figure 3.23.Motion control for the RMP400

The control objective is to asymptotically stalslithe tracking error at origin.
Here we restrict the input trajectories to be stesitly exciting and admissible. Let the
reference trajectory be denoted by then the trajectory tracking error &t) =
qq(t) — q(t). Now define the admissible local velocity errpr(t) £ [vq(t) wq(®)]T

then the so-called persistently exciting referemagctory is defined as

Ga(® £ S(qa(®))na(®) (3.126)

wherev,(t) > 0. The trajectory control problem is to find a sntoetlocity control
[25].

n.(6) = f(e,nq, K) (3.127)
Such thate(t) - 0 ast — oo, where K is the controller design parameters
vector.

3.3.5. Models Verification

The designed adaptive tracking control system tier4-wheel drive vehicle is
simulated in MATLAB. The desired trajectory is cbosa sine curve along x axis, as
shown in Figure 3.24. The speed along x axis isehas a constant of 0.1 m/s. The

trajectories for each of the three statey and @ are shown in Figure 3.25. separately.
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Figure 3.24.Desired trajectory on the vehicle
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Figure 3.25Desired trajectories of the three states

In the simulation, the mas® and inertia moment of the vehicle are assumed
to be unknown. The real value of them are set & K& and 4.25kgChf. With
implementing the model reference adaptive contas¥s| gradient algorithm based
parameter estimation and nonlinear feedback colavwglthe simulated tracking results
are shown in Figures 3.20 — 3.23 . The trackingltesand tracking errors for all the
three stats are in Figure 3.20 and 3.21, separdtbby parameter convergence result for
the two unknown vehicle parameters is shown in fedi28. The Step response for x
with estimated parameters is shown in Figure 37220m these results, we can see that

the designed adaptive tracking controller can mihleethree states track the desired
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trajectories very well as time increasing and B# tracking errors approach to zero
asymptotically fast as time goes to zero. Besides,estimation laws can make the
estimated values approach to the real values ofwhbeparameters asymptotically as
time increasing, and once the values reaches #heakies, they will remain unchanged
any more. At last, from the step response of x Withestimated parameters, we can see
that the settling time is smaller than 2 s and @a&iage overshoot is smaller than 5%.

Thus the requirements of the single controllergach state are also satisfied.
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Figure 3.26.Tracking results of the three states
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Figure 3.27.Tracking errors of the three states

65



atptxm

250

ZOON
150

I I I I I I I I I
(o] 10 20 30 40 50 60 70 80 90

I
o] 10 20 30 40 50 60 70 80 90
t(s)

Figure 3.28.Parameter convergence result
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Figure 3.29.Step response of x with estimated parameters

The proposed adaptive control law was investigatgth different road

condition and different reference input. Figure®Bshows when the road condition was

changed, the wheel angular speed is still ableaitktthe reference speed by adapting

the driving torque input. The speed error betwden dctual speed and the reference

speed converged to zero eventually.

Aforementioned analysis and discussion is all alomat wheel control. When it

comes to the whole vehicle (four wheel driven ralpathe driving torque input on each

wheel cannot just depends on the torque commamd fh@ individual controller for

each wheel. For the purpose of simple illustratiigure 3.29 is the simulation result of

a 4WD drive vehicle. When the road friction coaffit on the left side wheel was
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reduced at fifty seconds, the maximum road frictorque was reduced to smaller
value, which was even smaller than the commandigrip order to keep the left wheel
from slipping, the torque input on the left whealshbe reduced. While the maximum
road friction torque on the right wheel did not eba. In order to keep the vehicle right
on the track, or from deviation, the torque outpithe right wheel was also reduced to

a certain value.

3.4. The Nonholonomic Manipulator

The mobile manipulator with a 7-DOF manipulator (A®j and a 4WD mobile
base is shown in Figure 1.3. We can see that geenyof this manipulator is a revolute
joint and any two adjacent joints are perpendictdagach other. A gripper is mounted

on the end of the seventh link.

The control procedure is described as follows [22, 41]. The 4WD MM
receives the six dimensional position and orieatattommands of the end-effector
from the controller. Then the actual values ardngad and send them to the mobile
manipulator at the same time. Then, with the infation and the commands, the mobile
manipulator controller finds out the best motiothpand makes the mobile manipulator
respond to implement the task [41]. The feedbadl daimportant for adaptive control
to have the ability to perform the redundancy nesoh autonomously, which can

reduce the burden of the controller effectively][41

3.4.1. Redundancy Resolution

The coordinate frame of every link is establishedoading to the classical DH
representation which is shown in Table 3.1 in orebuild the forward kinematic

model. The configuration vector of the 7-DOF mafapar can be written as

Go=[0 -~ @] (3.128)
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whereg; (i = 1...7) is the " joint angle of the manipulator. The configuratictor of

the nonholonomic mobile base can be written as
=[x y BI" (3.129)

In equation (3.129)x, y are positions on plane axis agtlis the orientation of the

mobile base. The configuration vector of the molkmnipulator can be defined as
q=1[9 9a]” (3.130)
And the task vector can be written as
E=[Xe Ye Ze @, 6, @c]” (3.131)

In equation 3.131xe, Ye Z are the position of the end-effectag, 6., ¢ o, are the
orientation defined as Euler Angles. The transtdiom matrix of the mobile base
coordinate frame is defined in equation (3.116) ghdi25) for the mobile manipulator.

It can be re-written as

cf —-spf 0 «x
B = 550 gﬁ 2 y (3.132)
00 0 1

The transformation matrix A of the coordinate frafram the base to the end

effector is defined in equation (3.1) and (3.2)e Task can be describes as

=1 = f(ap 92) (3.133)

With the constraint of the rolling without slippirapndition, the velocity input
of this nonholonomic mobile base can be set as [41]

= o (3.134)

wherev is the linear velocity and is the angular velocity. Therefore, the kinematic

model of the mobile base is given as [41]
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9:5 cf 0
@ =|Y|=|sB 0] [v @] =G(ap)m (3.139)
B 0 1

Since the manipulator is a completely unconstrasysiem, the velocity input

can be set as
da = Na (3.136)
Then the velocity input for the nonholonomic mobmanipulator is given as

)

n= N (3.137)

Hence, the velocity kinematic for the nonholonomobile manipulator with

respect to time can be calculated by

&= Jn(@)n (3.138)

where the 6x9 matrid, is the Jacobian of the nonholonomic mobile mamfoul For
given task{, all solutionsy to the velocity kinematics in equation (3.138) dam

expressed as

n=Jr@&+ U = JH (@D (@)ns (3.139)

where the/;f = JT(J,,J5)?! is the right psedue inverse of matfijx I — J;/,, is the null-

space of,, andn, is an arbitrary vector.

The design of the velocity kinematic controllebased on the velocity kinematic
model of the nonholonomic mobile manipulator in @&tpn (3.139). The control law is
a design based on the principle that the-effieictor should reach the desired position

and orientation within the minimum possible timé& ,[21-22].
Na =14 (&, —K&,,) + (1= 1 @a(S(T)) ) e, (3.140)

where & =[%eq Yea Zea Bea Bea $eal” i the desired velocity of the end-

effector, &

= C = E=[Xerr Yerr Zerr @Berr Oerr QPerr]” is the vector of
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error from the eneaffector’s current position and orientation to thesired targety. is
the online sensor information, K and a are suitaiolestant gain factors ang is an
arbitrary vector, which is designed to control ffseondary task. Any value givenig
will have effects on the internal structure of thanipulator only and will not affect the
final control of the engkffector at all. By using this controller we carmigwve secondary
tasks, such as joint limit avoidance, singularéggnoving, maximum manipulability and

obstacle avoidance.

3.4.2. Feedback Linearization of the Nonholonomic Mobile Munipulator

In the general case of an n-link manipulator theatlyic equations represent a
multi-input nonlinear system. The conditions foedeack linearization of multi-input
systems are more difficult to state, but the cohedpidea is the same as the single-
input case. That is, one seeks coordinate systamghich the nonlinearities can be
exactly canceled by one or more of the inputs.hie multi-input system we can also
decouple the system, that is, linearize the systesuch a way that the resulting linear
system is composed of subsystems, each of whiafiested by only a single one of the
outer loop control inputs. Since we are concernely with the application of these
ideas to manipulator control we will not need thesingeneral results in multi-input
feedback linearization. Instead, we will use thggital insight gained by our detailed
derivation of this result in the single-link cagederive a feedback linearizing control
both for n-link rigid manipulators and for 7-link amipulators with elastic joints

directly.

Since the generalized torques or foreg$ = 1,2..n) are the function of the joint

variablesq, velocitiesq, and acceleration§ , i.e. ,
7, =7,(q,9,9) (i=1,2, .. n) (3.141)

where qq =(q,,9,..9,)" , then the first expansion (i.e., linearization)®fl) or (3.141)

is
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& a7, ’ i i . i
or, —%[(a] A +[0qjj A +(aqj] &qj] (3.142)

Throughout this part of the dissertation, a par@meéénoted by a right superscript zero

is evaluated about the nominal trajectody; denotes the perturbation of the joint
variable g, from the nominal trajectoryg’,ie,d =q -9’ and Jr, denotes the
perturbation of the generalized force/torque from the nominal generalized

forceltorquer?,ie,dr, =1, - 1'.

In (5.2), we define

or. or, or.
= , Bi' :_'/2’ Ci' =_1
A a0, ' T ag e (3.143)

By using (3.142) and (3.143) can be easily chamggedthe following vector form:

O = A°q + 2B°X) + C° (3.144)

where or = (Jr,,dr,,...,dr,) and & = (&q,, A,,...,A,)" and theith row andith column
elements of matrice2\’, B°, and C° are A’,B/,and C respectively. Because matrix
Ais symmetric positive-definite, (3.144) can be liert rewritten int the following state

equation form:

a0 L, Jal,[ o
{51] ) L (A)*C® -2(A%)7 BOLYJ ¥ L Ao)—l}df (3.145)

wherel, is thenxnidentity matrix.

Thus the computational algorithm for deriving tleemplete linearized dynamic models

of robot manipulators can be stated as follows42]L-
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Function Begin

End.

Input the parameters of each link;,4g,,d,,1,,m,r,, I, fori=1, 2, .., n.

Input the joint positions], velocitiesq and accelerationj

Compute Twith backward recursion

Compute M

Compute Iy

Compute Mk

Compute ks

Compute the inertial force-acceleration sensitivéyms

Compute the centrifugal and Coriolis force-velo@gnsitivity terms
Compute the inertial force-position sensitivitynesr

Compute the centrifugal and Coriolis force-positeemsitivity terms
Compute the gravitational force-position sensiyivgérms

Compute the generalized force-position sensitbeityns

Compute the generalized forces/torques
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4. ADAPTIVE CONTROL DESIGN FOR THE NON-HOLONOMIC
MOBILE MANIPULATOR

4.1. Introduction

When the vehicle is running, because the load tiaicle varies when it is
running, m is changing. Also because the configuration ofldlagls varies, like moving
manipulator or putting loads in different locatiorls is changing. Thus we have two
dynamically changing and unknown parameters:and | . This section will discuss
how to design a dynamic controller to control thevl#eel drive vehicle to track an
assigned desired trajectory. Following steps whiehshown in Figure 4.1 are designed
to control nonholonomic mobile manipulator.

Prescribed task

Planning, decision making «—

Trajectory generation «—

Control algorithm

Mechanical system

Figure 4.1.Block diagram of robot control
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4.2. Model Reference Adaptive Control

To handle the unknown parametems and | in the plant systems, model
reference adaptive control method is used. Thectbgeof the adaptive controller is to
make the performance of each of statesy and @ be as same as a predefined second-

order reference model. Block diagram of model mxiee adaptive control [58 - 90] is
shown in Figure 4.2.

Reference
Model

Adaptation
Law

O

"(t) Controller Nonholo!lomic
c(s, 8(t)) Mobile

Manipulator

Figure 4.2.Block diagram of model reference adaptive control

The desired performance is chosen as settling4i®e and percentage overshoot
< 5%. Thus choos®, =10rad / sand { =0.707, we get the reference model as:
100

Vm
W (s) =20 = 4.1
m(S) =27 = T 14145 ¥ 100 (4.1)

We have three states and three independent liteair gystems, so we will have
three independent adaptive control laws. Becauseptiint system and the reference
system are both second order and the relative degaee both 2. By using model
reference adaptive control, the whole control systkagram with nonlinear feedback
control law can be described in the figure belowr Ehe model reference adaptive

control part, the adaptive control laws for eactestan be described as
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Uy = 9;18_|_—1ux + 0y, p— T* + 0y, % + Cy Ty (4.2)
Uy = y15+1“y+9yzs+1y+0y3y+cyory (4.3)
Ug = 9918+—1u9 + 892 S+—18 + 8938 + CGOTQ (44)

where,0* and c* are all unknown control parameters, apdyrand  are the desired

inputs for each state separately.

. a(s)
X1 /\(S)

. a(s)
xz/\(s) <

a(s)
L A(s)

Yy Vv

Nonlinear T . . X, X
Feedlback » MX+R(X, X)= B Xr

v

. a(s) »

6,,—— |«
" A(9) X

. a(s)

91@ <

. a(s)
62 A(S)

Figure 4.3.Adaptive tracking system diagram

Using model reference adaptive control, we usubye two choices: direct
method and indirect method. Direct method meansdétermine the controller
parameters directly by using some adaption laws imadirect method means to
determine the internal unknown parameters by usomge adaption laws first and then

derive the controller parameters. If we use diegdptive control, there will be totally

12 unknown parameters &f andc to determine. This is too complicated and time-
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consuming. As we know before, there are actually twmo unknown parameters for the

plant, so we try to find an indirect adaptive cohtaw to estimatem and | first and
then compute the 12 controller parameters.

Plug the adaptive control law into the three linpnt systems and make the
transfer function of each of the closed-loop systequal to the transfer function of the

reference mod#&,, (s), and then we get:

0;, = —14.14,0;, = —14.14m,0;, = —114.14m, ¢}, = 100m
0;, = —14.14,6;, = —14.14m,60;, = —114.14m,c},, = 100m

05, = —14.14,0; = —14.141,0; = —114.14],cj, = 100I

These equations provide a relationship betweenltheunknown controller
parameters and the two unknown parametesndl. Once we have got the estimation
of the two unknown parameters &s and I, furthermore, by using the relationship
above, we can therefore derive the new model nedereadaptive control laws

containing only the estimation of the two unknovemgmeters as

_ 1 + (14'14 114.14x + 100 ) (4.5)
U, = S-I-lux ms+1x d4x Ty .
-+ (14'14 114.14y + 100 ) (4.6)
e A AL P g Ty '
14.14 + (14'149 114.146 + 100 ) (4.7)
T A | ' e '

4.3. Adaptive Tracking Control Design

4.3.1. Linearization and decupling
Because the dynamic model derived in Chapter 3 n®rdinear and coupled

multi-input-multi-output system, it is hard to dgsia controller for this kind of

systems. Especially for using adaptive control roeéttwe require some kind of single-
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input-single-output systems as plants. Thus, wethis@onlinear feedback technique to
linearize and decouple the dynamic system. Theimeel feedback control law is

designed as
AX =0 (4.8)
7= B*(u+ R(X, X)) (4.9)

where, B* is the pseudo inverse & and u = [Ux Uy Ug]T is the virtual internal

input vector. Plug it into the dynamic model, werda
MX =u (4.10)

Therefore, we get three independent linearizedo@edupled systems as

mi = u, (4.112)
my = u, (4.12)
16 = uy (4.13)

By Laplacian transformation, we get the transfamnctions of the three independent

linear plant systems as,

X 1
Gx(S) = u— = W (414)
X
Gs)=L =1 (4.15)
y u, ms?
6
Go(s) = ug Is? (4.16)

where, m and | are the unknown parameters.
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4.3.2. Parameter error convergence

This subsection will discuss the estimation the twaknown parametersm and

| . From the transfer functions of each state, weshav

U, = mysx (4.17)
Uy = mys?y (4.18)
ug = Is%6 (4.19)

For implementation reason, the previous systemsligiged by (s+1)> on both

sides, and then we have

1 s?

CEE R CE VN 0

1 52
G+02Y M5 r2Y #:21)
1 s” (4.22)

—  uy=1———9
G+12Y T 5+ 1)?

Becauseu,, u, andu, are some virtual internal inputs and not measearahé

xl
need to transform these variables to functionsoafies measurable variables. From the

nonlinear feedback law equation (4.9), we have
u =Bt —R(X,X) (4.23)
Thus, we have

_cos@) < o .
u, = (r,+1,+1,+7,) —cos@)E H.mgsgnik )y sirg Z M Mg sgrify (4.24)
i=1 i=1

r

sin
u =

y r(g o +1,+1,+1,) —sin(H)i H;MISgN(X)+ cos imd mg sgrify (4.25)
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a C
Uy = _?(T1+T2)+F(73+T4)

(4.26)
—a) phamgsgn(y)y+ by 4, mgsgn(yy E—Z My Mosgn(d B i m@gh(}j

i=1,4 i=2,3 i=1,2 i=34

where, all variables are measurable. Thereforeyave the following SPMs:

2

where,z = _S )
Zl n].ﬂ. Z.L (S+ 1)2

(s+ )zL& ndg =

2

1 andg, =
s+ ¥ T sy

Z, = M@, where,z, =

2

S g
(st+1)

z, = lg, where,z,=———u, andg =

1
(s+1)°
With  our priori  knowledge, we have 100sm< 250(kg, and
3.125< 1 < 7.813Kg [T . Thus we can choose the initial valuesrofand | as 225

kg and 5.469%g [T, which are the middle values of the two rangesuBing Gradient

Algorithm with normalization and projection, we leathe adaption laws as:

neEw, if 100sm, < 250
orif m =100and¢,g = 0
orif m =250andg@< 0 (4.27)

=
I

0, otherwise

where, g = Zl ma and m (0) = 225.

)
Vo€, if 100smm, < 250
or if m, =100ande&,@ = 0
m, = orif M, =250ands,p < 0 (4.28)
0, otherwise

where, ¢, = %1:—{22)4022 and m,(0) = 225.
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y,£, if 100<1 < 250
orif | =100and &3z20
I= orif I =250and £,¢,< 0 (4.29)

0, otherwise

where, &, :(213_'__—;553 and f(O) =5.4689.

With the adaption laws above, we can get the unknparameter estimates of

M +

m= and I . Plug them into the control laws above, and we gah the

complete model reference adaptive control laws.

4.3.3. Tracking control design

In the previous design, the reference signal tragkias been realized by using
model reference adaptive control laws and nonlifeadback law. Given a desired
trajectory with respect to timel, (t) = [x4(t) yq.(t) 04()]", by using the derived

adaptive control laws, we get the three virtuaginal inputs as

7.7 14.14

Uy = — Uy, + 7?1( x —144.14x + 100mxd(t)) (4.30)
s+1 1
7.7 14.14

Uy =~ W +m (my — 144.14y + 100myd(t)> (4.31)
7.7 .(14.14

=— [\——6 —144.146 + 100Ix4(t 4.32

o s+1u6+ <s+1 + %o ( )) ( )

Furthermore, with the nonlinear feedback law equmiaf#.9), we can eventually get

the four input torques of the vehicle for trackihg desired trajectory.
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5. CASE STUDIES AND DISCUSSIONS

5.1. Simulation Validation and Results

The designed adaptive tracking control method fer #4-wheel drive mobile
platform is implemented by simulation in MATLAB d$ofare. The desired trajectory is
chosen a sine curve along x axis, as shown in €igut. The speed along x axis is
chosen as a constant of 0.1 m/s. The trajectoffigdheothree states, x, y artj are

shown in Figure 5.2 separately.

2 | 1 1 | 1 | 1 | 1
0 1 2 3 4 5 6 7 8 9 10

X(m)

Figure 5.1.Desired trajectory on the 4WD ground vehicle

In the simulation, the mags and inertia moment of the 4WD ground vehicle

are assumed to be unknown. The real value of thhersat as 15&g and 4.25kg[hf .
With implementing the model reference adaptive raws, gradient algorithm based
parameter estimation and nonlinear feedback colavgl the simulated tracking results
are shown in Figure 5.1 — 5.5. The desired trajgcaod the tracking results errors for
all the three states are shown in Figure 5.2. Asd &acking errors for all the three
states are shown in Figure 5.7. From these resuttgan see that the designed adaptive
tracking controller can make the three states tthekdesired trajectories very well as
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time increasing and all the tracking errors apphna@czero asymptotically fast as time

goes to zero.

- 10 T T . .
E Xd(m)
v"d
L U S | X,(m)
7~
g
e

0 1 1 1 1

0 2 4 6 8 10
-~ 8 T T T T ( )

¥y ,m

g a
>
~
=
-

7~
=
] T T T T
< : : 6 (rad)
) : :
g) : —— 0 _(rad)
o~ : :
= - ;
= : :
= 1 1 1 1
o) 0 2 4 6 8 10
t(s)

Figure 5.2.Desired trajectories and tracking results of thedlstates

The parameter convergence result for the two unkndwWD ground vehicle
parameters is shown in Figure 5.4. It is seen thatestimation laws can make the
estimated values approach to the real values ofwbeparameters asymptotically as
time increasing, and once the values reaches #@heakies, they will remain unchanged

any more.
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Figure 5.4.Parameter convergence result
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1 2 T I T T T T I T I

1014

Xoutput(m)

0 1 1 | 1 I | I | |

5
us)

Figure 5.5.Step response of x with estimated parameters

The step response of the state x with estimateahpeters is shown in Figure 5.5
from the step response plot, we can see that ttiengeime is smaller than 2 s and
percentage overshoot is smaller than 5%. Thus dugirements of the adaptive

controller are satisfied as well.

5.2. Real System Experiments

Videos of real system experiments can be found ppehkdix. Some of
screenshots of real system experiments are showigure 5.6, 5.7, 5.8 and 5.9. Path
tracking experiment is illustrated in Figure 5.6.Higure 5.7 and Figure 5.8, position
and precise trajectory planning experiments are othatnated. Trajectory tracking

experiment is illustrated in Figure 5.9.
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Figure 5.6.View from path tracking experiment

Figure 5.7.View from position and precise trajectory plannaxperiment 1
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Figure 5.9.View from position and precise trajectory trackamgperiment

5.3. Discussions

In this study, an adaptive tracking control metlfmda 4WD ground vehicle with
unknown vehicle parameters has been studied. Thansig model of the system with

unknown vehicle parameters is derived. A nonlifeadback law is used to linearize
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and decouple the system into three independentimear systems. A model reference
adaptive control method with gradient algorithmdshsstimation is used to design the
tracking controller under unknown mass and inemi@ment of mobile manipulator.

Simulation is implemented and the results showdisigned controller can make the
AWD ground vehicle well track a desired trajectaagd satisfy the predefined

requirements with the unknown vehicle parametews fliture work, this method can be
extended to cope with more complicated cases, asckariable parameters, unknown
road conditions, etc. These new unknown parametars be added and the road
conditions can be modeled and involved into theesgsmodel. Then the proposed
adaptive control method can be modified and apgledstimate these new unknown

parameters and realize the tracking control unteenew challenges.
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6. CONCLUSIONS

In the first part of this study, dynamic modelimgntrol and analysis of the Schunk
LWA3 was performed in simulation environment. Th®/A3 is a high-accuracy
robotic arm for precise manipulation tasks in boitiustrial applications and scientific
researches. However, there are no enough techoetaills and information about the
dynamic modeling of the Schunk LWAS from literatueview. Dynamic models of
robots define the relationship between the motibtihe robot and the actuator torques,
which is very important for precise control of mauators. This study is focused on the
development of the dynamic model of the Schunk LWaBot arm, identification of
unknown dynamics parameters and the dynamic comtesign for the arm. The
dynamic model and desired dynamic controller ardigd by a trajectory tracking test
through simulation. Friction forces were modeled arere added to dynamical model
as a disturbance. The parameters of the dynamieeimedre defined in detail and
grouped. A model-based PD controller was develapetlit was used to evaluate the
identified dynamic model with trajectory trackingperiment. Accuracy of proposed
model was verified in this experiment. AccordingHig.5, stability of each joint can be
observed. Consequently, developing dynamic modstdbaontroller for the Schunk
LWA3 is high importance. Because, the Schunk LWABundant 7-DOF manipulator
is used not only scientific researches but alsastribl applications. There are not
enough researches in literature about this kinsarfipulators. Simulation results verify
that dynamic model of the manipulator is used aately. Developed controller will be
tested in real environment. And then, simulatiosutes and real environment test

results will be compered as a future work.

In the second part of this study, an adaptive trarkontrol method for a 4WD
ground vehicle with unknown vehicle parameterstigen studied. The dynamic model
of the system with unknown vehicle parameters rsvdd. A nonlinear feedback law is
used to linearize and decouple the system intetmaependent and linear systems. A
model reference adaptive control method with gratdedgorithm based estimation is
used to design the tracking controller under unkmawnass and inertia moment of
mobile manipulator. Simulation is implemented ahe tesults show the designed

controller can make the 4WD ground vehicle weltkra desired trajectory and satisfy
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the predefined requirements with the unknown vehparameters. For future work, this
method can be extended to cope with more compticateses, such as variable
parameters, unknown road conditions, etc. These meknown parameters can be
added and the road conditions can be modeled amived into the system model.
Then the proposed adaptive control method can bdified and applied to estimate
these new unknown parameters and realize the mgckbntrol under the new

challenges.

Mobile manipulators offer a dual advantage of nmigbé&nd dexterity of a mobile
robot and a manipulator. They are composed of apukator and a mobile platform.
Mobile manipulators have a much larger workspaamn thixed—base manipulators.
Also, they are more capable than mobile robots.|&\édm on-board manipulator reaches
out and performs manipulation tasks, the role @ thobile platform is to adjust a
position of the mobile manipulator according to fereed configuration. Mobile
manipulators can be used in various military andiliah areas including space
exploration, military operations, auto-manufactgramd health-care, etc. In this study,
an adaptive tracking controller for a mobile matapor which consists of a 4-wheel
drive(4WD) ground vehicle and a 7-DOF robot arnthwinknown vehicle parameters
is designed to track an assigned desired trajectoder unknown vehicle parameters.
The simulation results are demonstrated the caoresst and effectiveness of the

performance of the proposed controller.
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