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ABSTRACT 

 

Keywords: Mobile manipulator; kinematic redundancy; nonlinear 

proportional-integral-derivative control; adaptive control; backstepping 

control design; operational-space motion control; disturbance observer; 

resolved motion control; computed velocity control; omni-directional 

mobile robot; mecanum wheel-drive; differential-drive; fault-tolerant-

control; line-of-sight; kinematic control; double-loop control; robust 

control; 

This thesis proposes various robust and adaptive motion control schemes 

such as a simplified operational-space control, an adaptive motion control, 

an improved backstepping control design, a double-loop motion control or 

dual loop control and an actuator fault tolerant control schemes for mobile 

manipulators. Mobile manipulator comprises of a manipulator arm 

mounted on a mobile platform. A mobile manipulation system offers a 

dual advantage of mobility offered by a mobile platform and dexterity 

offered by the manipulator. 

The thesis work is folded in three parts, the dynamic model formulation of 

a generalized mobile manipulator based on the recursive Newton-Euler 

method is discussed and the dynamic model developed for a real-time 

mobile manipulator namely JR2 consists of a four mecanum wheeled 

mobile base and a six degrees of freedom serial chain manipulator arm. 

Further, a robust nonlinear control method with an uncertainty estimator is 

proposed and applied to the mobile manipulator for its position tracking in 

its operational-space (Cartesian space).  The proposed robust motion 

control method incorporates a feed-forward control term to reinforce the 

control action with extravagance from the desired acceleration vector; an 

uncertainty estimator to reimburse for the unknown effects such as 
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parametric uncertainties, unknown external disturbances, unmodeled 

dynamics and a decentralized PID (proportional-integral-derivative) 

controller as a feedback loop to strengthen the stability of the system. It is 

observed that the main strengths of the proposed scheme are its high 

robustness against parameter uncertainties and external disturbances, 

simplicity in design and ease of implementation. The effectiveness, 

feasibility, and robustness of the proposed method are illustrated using the 

computer-based simulations based on the derived dynamic model of the 

JR2 with and without uncertainty estimator. 

An extension of the previous control, an improved backstepping control 

technique is proposed for the entire operational-space, i.e., the end-

effector pose tracking of the mobile manipulator. As mentioned earlier, the 

mathematical model used for the computer-based simulations is derived 

based on a real-time mobile manipulator and the derived model is further 

verified with an inbuilt gazebo model in a robot operating system (ROS) 

environment. In addition, the proposed scheme is also verified on an in-

house fabricated mobile manipulator system. Further, the recommended 

controller performance is compared with the conventional backstepping 

control design in both computer-based simulations and in real-time 

experiments. 

Further, the thesis work considers a simplified resolved kinematic motion 

control approach for controlling a spatial serial manipulator arm that is 

mounted on a vehicle (mobile) base. The end-effector’s motion of the 

manipulator is controlled by a new kinematic control scheme, and the 

performance is compared with the well-known operational-space 

kinematic control scheme. The proposed control scheme aims to track the 

given operational-space (end-effector) motion trajectory with the help of 

resolved configuration-space motion without using the Jacobian matrix 

inverse or pseudo inverse. The experimental testing results show that the 
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suggested control scheme is as close to the conventional operational-space 

kinematic control scheme.  

Further, to fulfil the motion requirement which can handle variability in 

payload and unknown model parameters, the simplified resolved 

kinematic control is extended as a robust motion control scheme with the 

help of double-loop control. The effectiveness and usefulness of the 

proposed manipulator is shown with the implementation of the motion 

controller through the computer based numerical simulations. The 

controller robustness is further analysed at different working conditions. In 

comparison to the conventional controllers, the proposed control scheme 

possesses few advantages namely better robustness, less chattering, high 

precision and can work in the presence of parameter uncertainties. 

Afterwards, the proposed motion control scheme is also validated on an 

in-house fabricated prototype and a commercial mobile manipulator 

through the motion control experiments. 

In order to strengthen the field robotics, the thesis work is extended for an 

actuator fault tolerant as well. In this direction, as a first step, the four-

mecanum wheeled drive mobile robot is considered for the actuator fault 

tolerant control. A behavioural fault tolerant control scheme is proposed 

and verified with faulty wheels’ configurations that will give near desired 

performance with one fault and two faults for both set-point control and 

trajectory-tracking (circular profile). For one fault the system remains in 

its full actuation capabilities and gives the desired performance with the 

same control scheme. In case of the two-fault wheel all combinations of 

faulty wheels have been considered and the same control scheme has been 

used upon whereby some configuration gave desired performance within 

the tolerance limit defined while some does not even use pseudo inverse 

since using the system becomes under-actuated and their wheel alignment 

and configurations greatly influenced the performance. 

. 
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Chapter 1 

Introduction 

1.1 Introduction 

Mobile manipulator comprises of a manipulator arm mounted on a mobile 

platform. A mobile manipulation system offers a dual advantage of 

mobility offered by a mobile platform and dexterity offered by the 

manipulator. It has provided a new concept and direction in robot 

application and a hot research topic in recent years. It has lot of functional 

capabilities with several advantages such as large flexibility, singularity 

avoidance, and easy obstacle avoidance. It can be used in the areas such as 

material transportation [1], building constructions, and safety and rescue 

operations. In general, a minimum of 6 dof are needed to fully describe the 

pose of an object in space: 3 dof are needed to specify the Cartesian 

position of the object and 3 dof are needed to present the object 

orientation. Therefore, at least 6 dof, or six joints, are needed in a robotic 

system to have full manipulation capability of an object in space. 

Redundancy happens when the number of controllable inputs is higher 

than the system responses, this can happen based on kinematic 

arrangement or actuator arrangement, if the number of actuated robotic 

system joints exceeds the number of system response, it is called 

kinematic redundancy, that is, the redundancy is due to the kinematic 

arrangement of bodies. Whereas, just the number of actuators is higher 

than the system response, then the system simply called over actuated 

system or actuator redundant system. A kinematically redundant mobile 

manipulator has more dof than required to execute its task. In such a case, 

the inverse kinematics problem provides an infinite number of solutions. 

From these redundant solutions, mobile manipulator configurations, as 

well as a motion trajectory, can be chosen to best satisfy the desired 

secondary objectives, such as avoiding joint limits, singularities and 

obstacles. Kinematic redundancy in a mobile manipulator can be exploited 
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to enhance the dexterous and manipulability capability, avoid obstacles, 

avoid kinematic singularities, and minimize energy consumption. To 

enlarge the workspace manipulators are placed on mobile platforms. 

Mobile manipulation requires integrating perception, control, motion 

planning, grasping, navigation and learning in a cohesive manner to act 

effectively in large unstructured environments. But when a robot is 

redundant infinite solutions exist, the robot has self-motions, i.e. internal 

motions in the joint space which do not affect the task variables. So here 

arises a problem of selecting a solution of the inverse kinematic problem. 

The problem is usually addressed by different methods such as at a 

velocity level, null space motion, finding a solution, pseudo inverse, 

weighted pseudo inverse, possible objective functions, cyclicity, extended 

Jacobian, solution at the acceleration level, kinematic control, etc. 

Robots are divided according to the environment used like grounded 

robots, aerial robots, and underwater robots. There are various types of 

robots used which comes under ground robots such as service robots, 

military robots, medical robots, domestic robots, space robots etc. which 

performs different jobs according to the requirement. Figure 1.1 shows all 

types of robots used in the environment. 

This research work proposes robust motion control designs for kinematic 

redundant mobile manipulators. The motion control designs have become 

a wide topic of research nowadays. Mobile manipulators are used in 

several areas where human cannot even reach. There are some examples 

of mobile manipulators shown in Figure 1.2. There are various industrial 

mobile manipulators companies such as KUKA, neobotix, robotnik which 

designs and manufactures according to the requirement. Mobile platforms 

designs can differ accordingly such as, differential drive, omni-wheel 

drive, mecanum wheel mobile base. 
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Figure 1.1 Types of Robots [11] 

While performing tasks, mobile manipulator must follow the trajectory by 

overcoming obstacles. When mobile platform and manipulator arm 

combines there occurs redundancy. In [10], an unified approach has been 

defined to exploit the kinematic redundancy by the mobile platform to 

perform the tasks. There has been number of works performed which can 

be found in the literature. In [12] planning and control methodology has 

been presented along with the model-based controller to eliminate the 

tracking errors.  

The thesis proposes motion control schemes such as improved sliding 

mode control scheme along with and without disturbance observer, 

backstepping design control, adaptive backstepping design, kinematic 

control, dual loop control design, and fault tolerant control. 
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Figure 1.2 Examples of mobile manipulators: (a)- Kuka ”Moiros” for 

sheet metal manipulation [2], (b)- Southwest Research Institute mobile 

manipulator [3], (c)- H2BIS mobile manipulator [3], (d)- ufmrp02 mobile 

manipulator [5], (e)- MM-500 mobile manipulator [6], (f)- Robotnik XL-

Ball mobile manipulator [7], (g)- University of Ontario mobile 

manipulator [8] 

 

The effectiveness and feasibility of the proposed controllers has been 

verified on in-house fabricated prototypes. Further the proposed 

controllers’ performances are compared with the traditional motion control 

schemes in the presence of parameters uncertainty and external 

disturbances. 

1.2 Usage of Robots  

Mostly robots perform dirty, dangerous, difficult and repetitive tasks 

which human prefer not to do. Robots have been made user-friendly 

nowadays, more intelligent and most important affordable. They can be 

used in every field such as from industrial manufacturing to the medical 

field.  The benefit of robots has increased their flexibility with being 

capable of performing a variety of tasks and applications.  They are more 

precise and consistent than human workers.  Robots also allow for 

increased production and profit margin because they can complete tasks 

file:///C:/Users/KDM/Downloads/8c06069827664571062e61b7d106df9a2d7b.doc%23page7
file:///C:/Users/KDM/Downloads/8c06069827664571062e61b7d106df9a2d7b.doc%23page8
file:///C:/Users/KDM/Downloads/8c06069827664571062e61b7d106df9a2d7b.doc%23page8
file:///C:/Users/KDM/Downloads/8c06069827664571062e61b7d106df9a2d7b.doc%23page8
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faster. Robots have the ability to work around the clock since they do not 

require vacations, sick days, or breaks.  They also make fewer mistakes 

than humans, saving company’s time. 

Other benefit of robotics is that they can work in any environment, adding 

to their flexibility.  Robots eliminate dangerous jobs for humans because 

they can work in hazardous environments.  They can handle lifting heavy 

loads, toxic substances, and repetitive tasks. This has helped companies to 

prevent many accidents, also saving time and money. 

In the medical field robots are used for intricate surgeries such as prostate 

cancer surgery.  Robots can reach and fit where human hands cannot, 

allowing greater accuracy.  Some robotic benefits in the medical field are 

less invasive procedures and less pain for the patient when recovering. 

Robots can work faster than robots with consistently, precisely and 

precisely. 

The benefits of robots have opened the door for their use in many fields. 

Their ability to be customized provides companies the flexibility to use 

them for a variety of tasks. They are safer to use sometimes for example 

harmful chemicals and enzymes where humans are not safe to work; 

robots can work in this type of an environment.  According to a paper [13] 

focus is especially on improved human–robot interaction, and on the 

reusability of skills within the domain of tasks that are frequently required 

by the manufacturing industry. Industrial robots often help in reducing 

cost, improve quality, increasing production rate with higher accuracy 

level. They manipulate products quickly while performing picking and 

placing application task. They are designed to work in the harsh 

environments like in the space, without the air, underwater & in the fire; 

they can be used instead of the people when the human safety is a concern. 

They can come in any size required for the task.  
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1.3 Need of Robust Motion Control  

The robotic system is not only a mechanical system; it needs to perform 

motions using the actuators and sensors.  The primary difficulty is because 

of their nonlinear dynamics, and the system parameters governing the 

manipulator dynamics are coupled and sometimes time varying. 

Additionally, the uncertainty of the manipulator parameters and 

disturbances makes the manipulator control a challenging task for the 

control engineer. The tracking performance is not only dependent on its 

mechanical design and rigidity of the structural component but also the 

robustness of the motion controller performance. According to [15] 

construction of control systems is one of the major challenges for mobile 

manipulator for enabling the robot to operate safely in the dynamic 

environment.  

There are various motion control schemes introduced by the researchers in 

the past which shows the importance of robust control strategy for 

successful execution of the task in the mobile manipulator. On the other 

hand, the dynamic model is also not exact because of the unmodeled 

dynamics, system uncertainties, frictional components and unknown 

external disturbances. 

 The conventional control strategies like the motion-based schemes 

namely proportional-derivative (PD) or proportional-integral-derivative 

(PID) controllers are more likely to give more tracking error as the inertial 

values start varying from the position of the optimal control gains. Hence, 

there is a need of robust controller which can overcome. PID controllers, 

when used alone, can give poor performance when the PID loop gains 

must be reduced so that the control system does not overshoot, oscillate or 

hunt about the control set-point value. In [16] this review paper shows 

mostly controllers used are in the form PD controller, kinematic and 

dynamic based controllers, Fuzzy logic controller, and active force 

controller. All the controllers are not 100% accurate, although a control 
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scheme possesses good performance but still it has some errors. According 

to [17] there are several methods used for resolving local redundancy 

based on the determination of joint trajectories from the instantaneous 

motion needed to follow a desired end-effector path.  

The robust control scheme provides satisfactory performance with a 

simple control structure but produces high control activity at steady state. 

The main objective of using robust control scheme is to keep the controller 

stable even in the presence of external disturbances, unmodeled dynamics 

and other uncertainties.  

This thesis focuses on some robust motion control schemes such as 

backstepping design control, kinematic control dual-loop robust motion 

control, sliding mode control, adaptive backstepping control. Motion 

control scheme plays a vital role in gauging the performance and 

analysing the motion of the task performed by the robotic system. It helps 

in following the systems trajectory with minimum tracking errors that too 

in a robust environment, if it is a robust motion control. It forces the 

moving parts to coordinate in a proper way.  

The controller should possess the basic quality of robustness with that it 

can be adapted easily in any kind of environment. Most of the technology 

used in mechanical systems of today is a result of development and 

implementation of motion control schemes. Mostly, motion control of a 

system includes position control (point to point set point control), velocity 

control and force control. It has become a part of our daily life. Motion 

control systems are important for functionality of critical systems in the 

different fields such as service robots, transportation, medical, machinery, 

and textile and so on. 

1.5 Contributions 

• Implementation of proposed robust task-space motion control 

scheme on a proposed prototype of a redundant 3 dof mobile 



8 

 

manipulator with and without presence of parameter uncertainties 

and external disturbances using a nonlinear PID control along with 

an uncertainty estimator. 

• Proposed an end-effector motion trajectory which is tracked with 

the help of resolved configuration-space motion without using the 

Jacobian matrix inverse. Hence recommended a novel resolved 

kinematic control design scheme for coordinated mobile 

manipulation of a redundant mobile manipulator. 

• Mathematical modelling has been derived for 6dof redundant 

mobile manipulator which has been used for the computer-based 

simulations is derived based on a real-time mobile manipulator and 

the derived model is further verified with an inbuilt gazebo model 

in a robot operating system (ROS) environment. 

• Further, the adaptive backstepping controller design performance 

is compared with the conventional backstepping control design in 

both computer-based simulations and in real-time experiments. In 

addition, the proposed scheme is verified on an in-house fabricated 

mobile manipulator system 

• Usage of Lyapunov’s direct method for designing and verifying 

the system’s closed-loop stability and tracking ability of the entire 

suggested control scheme.  

• Introduced a robust double-loop motion control scheme for tracking 

the end-effector of the vehicle-manipulator system under dynamic 

variations with the help of redundant feedback. The outer-loop 

consists of the task-space kinematics and the inner-loop consists of 

the configuration-space system dynamics. Simulation experiments 

based on real-time system parameters are accomplished to 

elucidate the essence of the recommended control scheme 
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• Computed velocity control is implemented to achieve the ultimate 

aim to follow the desired operational space pose vector trajectory 

of the vehicle manipulator with uncertainties and time varying 

external disturbances  

• Kinematic control scheme with proposed Fault Tolerant Control is 

found quite effective for the four-mecanum wheeled drive mobile 

robots for both set-point control and trajectory-tracking control. 

For inverse kinematics pseudo inverse is found less effective than 

weighted pseudo inverse, error is relatively smaller using weighted 

pseudo inverse than pseudo inverse.  

• Analysis is performed to showcase the behavior of the mobile 

robot when Fault Tolerant Control is used with the identified 

faults. 

1.6 Organization of the Thesis 

This thesis work broadly presents the area of robust motion control 

scheme designs for kinematically redundant mobile manipulators. It 

comprises of kinematic modelling, dynamic modelling and motion control 

of 3 dof and 6 dof mobile manipulators. Further a mecanum wheel base 

mobile robot behaviour analysis has also been performed when fault 

tolerant control is introduced with one and two faulty wheels. The 

effectiveness of the proposed control schemes and their efficacy has been 

demonstrated using computational simulation and real time prototypes.  

The structured outline of the thesis chapters is as follows with their brief 

description: 

Chapter 1: Introduction 

Chapter 1 briefly introduces redundant mobile manipulators and various 

types of all robots. It helps in understanding the usage of robots about how 

robots can be used in each and every field of our day to day life. This 

chapter also explains motion control schemes and the requirement of 
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robust motion control design schemes. Redundant mobile manipulators 

have several applications which have also been mentioned in this chapter. 

Chapter 2: The State of the Art 

This chapter describes the detailed literature review of the motion control 

schemes used in the past and existing real time applications used in the 

redundant mobile manipulator.  The different kinds of control strategy 

opted by the researchers to control the robot motions are presented in this 

chapter. It also addresses the research gap and the limitations of the 

various control schemes used in this area. 

Chapter 3: Mathematical Modelling of a Generalised Mobile 

Manipulator 

Chapter 3 describes mathematical modelling of the proposed control 

design schemes. It explains about the kinematics and dynamics of the 

system. 

Chapter 4: Motion Controller Designs 

For the motion control of the robot, robust control schemes are proposed, 

designed and presented in this chapter. Namely first a simplified 

operational-space control, secondly  a resolved kinematic control design 

and then adaptive backstepping design control has been proposed. Further 

dual-loop robust motion control and computed velocity control schemes 

have been proposed and investigated. These controllers’ performances are 

analysed and are compared with the conventional controller designs to 

illustrate the effectiveness. This chapter illustrates the effectiveness of the 

control schemes using computer-based simulations. Further, the controller 

performances and its parameter sensitivity are analysed by variation of its 

controller parameters (gain constants) and near optimal values are 

obtained to run the real-time experiments on the in-house fabricated 

prototype of the proposed robotic system 

 

 



11 

 

Chapter 5: Results and Discussions  

This chapter summarises the results of the proposed system performance 

along with the proposed motion controller. Detailed   discussion on the 

working of the controller and prototype with control schemes has been 

done. 

Chapter 6: Conclusions & Future Scope 

This chapter consists of the concluding remarks of the proposed work on 

the usage of motion control scheme on a redundant mobile manipulator. 

This chapter 6 further discusses the salient features of the proposed motion 

control schemes. In this chapter discussion has been done on the 

performances and effectiveness of the various motion control schemes. It 

also describes the possibility of improvements in the proposed (existing) 

system which can be considered as scope of future works. 
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Chapter 2 

The State of the Art 

 

2.1. Motion Control Schemes 

Motion control is one of the essential aspects in robotics. Controlling 

redundant mobile manipulators has gained interest in the field of 

complicated robotic tasks because of its wide range of applications. 

According to [18] most of the research on controlling the redundant 

mobile manipulators focused on controlling the end-effector to follow a 

predefined trajectory, while the mobile platform will follow a trajectory 

based on certain optimization criteria [19-22] .There are various types of 

motion control schemes used in this thesis such as sliding mode control, 

Proportional Integral Derivative control(PID), Proportional Derivative 

control(PD), adaptive backstepping control, conventional backstepping 

design control, resolved motion control ,kinematic control joint-space 

control based in inverse , task-space control based on inverse Jacobian and 

dual loop control. Researchers have performed various investigations and 

efforts have been done in the past. 

PID controller is one of the most widely used motion control technique 

used in industries for feedback. Julio et.al [23] in 2001 performed some 

experiments and demonstrates the good performance and robustness of the 

of the PID controller. In 2002, T. Kawabe etal proposed a new design 

method for a robust PID controller with two degrees of freedom which 

satisfies the robust stability of a closed-loop system against parametric 

uncertainties of the plant and multiple design specifications for robust 

performance and it shows good performance. According to a paper in 

1995 [25] Simulation studies also show that independent joint PD control 

gives reasonably good results for the flexible system and is robust to 
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parameter uncertainties. Simulation studies confirm in [26] that the 

Nonlinear PD control can obtain good trajectory tracking performance.  

Sliding mode control (SMC) is strong robustness with respect to system 

uncertainties and external disturbances. SMC is a special discontinuous 

control technique applicable to various practical systems [27]. By 

designing switch functions of state variables or output variables to form 

sliding surfaces, SMC under matching condition can guarantee that when 

tracking trajectories reach the sliding surfaces, the switch functions keep 

the trajectories on the surfaces, thus yielding desired system dynamics. 

Therefore, it is attractive for many highly nonlinear uncertain systems, 

such as the holonomic and nonholonomic constrained mechanical systems 

[28], [29]. According to [30] SMC is designed to be robust to disturbance 

with a guarantee of the stability of the system. An adaptive sliding mode 

controller based on the backstepping method applied to the robust 

trajectory tracking of the wheeled mobile manipulator. In [31] Sliding 

mode control, taking the advantages of fast response, reduced amount of 

information, and robustness with respect to system uncertainties and 

external disturbances, is much more suitable for the control of mobile 

manipulators. In this paper, focus is on a redundant actuated mobile 

manipulator. Two control subsystems are proposed to solve the trajectory 

tracking problem, including the sliding mode control of the mobile 

platform and the non-singular terminal sliding mode control of the 

manipulator.  

The paper [32] in 2017 recommended a robust adaptive sliding mode 

control for the trajectory tracking of a nonholonomic wheeled mobile 

manipulator in task space coordinate. The proposed algorithm is robust 

adaptive control design where parametric uncertainties and disturbances 

are compensated by adaptive update technique. Simulation results 

demonstrate the effectiveness of the robust adaptive based controller in 

comparison with a robust sliding mode-based controller. Fast response, 
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good transient performance and robustness with regard to parameter 

variations can be included as the advantages of the sliding mode controller 

[33]. SMC under matching condition can guarantee that when tracking 

trajectories reach the sliding surfaces, the switch functions keep the 

trajectories on the surfaces, thus yielding desired system dynamics. 

Therefore, it is attractive for many highly nonlinear uncertain systems, 

such as the holonomic and nonholonomic constrained mechanical systems 

[33], [35]. It guarantees the stability of the system as well as co-ordinately 

track the trajectory of the mobile platform and the manipulator with 

different dynamics effectively. The control scheme is capable of 

disturbance rejection in the presence of unknown bounded disturbances.  

Backstepping control is design technique developed in 1990 which 

constructs stabilizing control laws for a certain class of nonlinear systems. 

The recursive backstepping method based on the Lyapunov’s direct 

method-based scheme proposed around 1990s by Krstic, Kanellakopoulos 

and Kokotovic as discussed in [36]. The primary objective in [37] is to 

propose a motion control scheme which can track the stated end-effector 

trajectory in operational-space against internal and external ambiguities. In 

[38] the paper describes the control problem for a semi-strict nonlinear 

system depending on unknown parameters, uncertainty, and input 

constraint. [39] Describes an explicitly novel nonlinear control 

backstepping based law have been designed to incorporate a continuous-

time adaptive backlash inverse model. The controller is a combination of 

backstepping control and Lyapunov redesign. In [30] when correlated with 

the adaptive control scheme for uncertain nonlinearities and disturbances, 

this makes control robust and nonlinear systems approach becomes 

appealable.  

Without requiring any bounds on the unknown parameter in [31] an 

adaptive backstepping systematic procedure for tracking the motion 

control design of second-order nonlinear systems is refined. [32] 
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Discusses the principle of adaptive backstepping, although it can solve the 

setback of unmeasured states and promise the close-loop system stability. 

A control design method for nonlinear systems of uncertain class which is 

robust adaptive is proffered in [33-36] with disturbance observer, actuators 

uncertainties and backstepping method. Apart from the global stability, 

this paper [37] also provides L2 tracking error performance for design A 

planning and control methodology has been declared in [38] without 

outraging the non-holonomic constraints. [39- 51] papers introduce a 

robust adaptive control system for non-holonomic mobile robots for 

nonlinear systems with uncertainties.  

Improved backstepping design in [52] can prevent from repeated 

differentiation problem which emerges in using the conventional 

backstepping algorithm. In [53, 53] the main objective is to introduce a 

dynamic interaction and disturbance observer to compensate with the 

environment. According to [55] in coordinated control of mobile 

manipulator there are no studies which consider the effect of dynamic 

interaction. In [56-61] these papers address the position control with 

kinematic and dynamic uncertainties as well as the adaptive backstepping 

design task-space control. According to [62-63] hybrid adaptive-fuzzy 

controller in the latency of uncertainties and disturbances, together can 

track the desired trajectory and avoid the obstacles during the trajectory 

tracking.   

In [65-67] robust task-space motion control strategy has been proposed 

which is able to handle the effects of interactions with the environment. 

[68-70] discusses about the redundancy resolution which helps in avoiding 

singularities and joint limits and aids in increasing the Cartesian 

mechanical rigidity of robot manipulators. In [71, 72] authors tried to 

comparison between nonlinear controller classic linear kinematic 

controller where they found nonlinear controller is harder to tune and 

guarantees whole-body asymptotic stability and linear programming is 
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economical but generates more abrupt control signals. [73-76] These 

papers analyses work related to mobile manipulators complex task 

execution to attain the desired trajectory by avoiding high tracking errors 

which can be executed in operational-space. Lyapunov stability is 

achieved by fulfilling the constraints and providing a singularity and 

collision free trajectory of the system.  

In [77], the kinematic control scheme based on the inverse kinematic 

transformation is proposed. In the presence of kinematics and dynamics 

along with the input disturbances, a task-space tracking control is 

suggested in [78].  The kinematic control algorithm is implemented and is 

effectively demonstrated by numerical simulations in [79]. The 

effectiveness of the real time kinematic and dynamic control of the 

redundant robots is described in [79, 80]. For manipulation of an object, a 

proper coordinated motion is required for the robot arm, so reference [81] 

demonstrates a new control algorithm in this direction. In [82], the work 

involves the use of pseudo-inverse of the Jacobian matrix and obtains the 

accurate joint solutions because of using the direct inverse kinematic 

solutions.  In [83], to stabilize and compensate the uncertainties presented 

in the system, a motion controller based on an adaptive technique has been 

used for global convergence of trajectory tracking along with the desired 

internal forces acting on the object. The combined kinematic and 

computed torque controller which controls the mobile base velocities and 

also follows the required end-effector trajectory is recommended in [83]. 

The suggested controller validates the stability of the system by 

converging to all the errors to zero with the help of Lyapunov’s direct 

method. In [85], the results show the task priority redundancy resolution 

using the matrix inversion approach based on the damped least squares. In 

[85], it has been done on robust redundancy resolution algorithm along 

with a comparative empirical evaluation has also been performed. 
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Therefore, all these issues in mind, in this thesis, a resolved motion 

kinematic control scheme is recommended as one of the control schemes 

in such a way that the mobile base (vehicle) and the manipulator actuation 

are utilized effectively and achieved dexterous mobile manipulation. In the 

proposed scheme the vehicle motion is decomposed in such a way that the 

vehicle coordinate frame and the end-effector frame is maintained with the 

minimum safe distance. The safe distance is decided based on the 

dexterous workspace of the manipulator arm. So, the vehicle position and 

orientation are obtained with the help of line of sight (LoS) motion control 

strategy along with a minimum safe distance as per the manipulator arm 

characteristics. The manipulator arm joint positions are obtained through 

the help of closed-form inverse kinematic solution (which is available 

readily) based on the vehicle position and its orientation along with the 

desired operational-space pose vector. In order to certify the suggested 

control, scheme the computed velocity control law is applied on a real 

time vehicle- manipulator, namely, JR2 and compared with the 

conventional operational-space control scheme.  In order to get an optimal 

solution, it is mandatory to employ some constrained optimization 

techniques and few of them are approached in this manner and they are 

available in the literature [86-89].    

The main target is to introduce a robust double-loop motion control 

scheme for tracking the end-effector of the vehicle-manipulator system 

under dynamic variations with the help of redundant feedback. The outer-

loop consists of the task-space kinematics and the inner-loop consists of 

the configuration-space system dynamics. Reference [90] focuses on 

redundancy resolution schemes and gives the solution for inverse 

kinematics problem for redundant vehicle-manipulator. Reference [91] 

illustrates that the internal loop aims for the robustness and the outer loop 

helps in obtaining the desired trajectory tracking performance. In [92], the 

task–space tracking errors caused due to mechanical errors can be reduced 

by the proffered dual integral sliding mode control scheme. Reference [93] 
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describes that the feedback can be taken from the motors as well as the 

end-effector. The actual feedback is necessary for tracking the 

performance of the system. Dual-loop control scheme is providing much 

better results than other controller schemes in terms of reduced tracking 

errors. Reference [93] discusses the PID controller in inner loop with PID 

sliding mode in outer loop. 

For autonomous robots it is essential to first identify the fault and take 

suitable remedial to prevent any catastrophe. Some effort has been made 

to identify faults [95][96] and try to minimize their effect in the 

performance of mobile robot. Generally, minor faults are compensated in 

closed loop control by their feedback but so is not the case in open loop. 

The four-mecanum wheel drive mobile robot, under the failure of one 

actuator the system remains in full actuation capability and can operate to 

full potential. This make the system good for testing fault tolerant control 

(FTC) methods. The behaviour of four-mecanum wheel drive mobile robot 

without fault, with one-fault, with two-fault and then address the FTC 

technique using kinematic control scheme for both set-point control and 

trajectory tracking control (circular profile). There are some existing FTC 

techniques [95][96][97][98][99] and work which incorporates FTC for 

performance optimization in [100]. The existing techniques mainly deals 

with passive and active approach where in one case inherent fault is 

assumed in the system and the control law is used accordingly while the 

other tries to minimize the deviation from the desired performance using 

some pre-built control law or on-board computation. Some effort has been 

made to use under-actuated mobile platform for inspection purpose [101]. 

Some FTC techniques incorporates line-of-sight (LOS) [102] in which  

system becomes under-actuated due to failure of more number of actuators 

than the state variables. The existing FTC techniques are used in the 

mobile robot along with kinematic control to achieve the goal 

configuration within tolerance limit.  
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 The structural uncertainty arises due to the presence of an unknown 

payload held by the end-effector while state inequality constraints arise 

due to the existence of (unknown) impediments in the work space. As a 

result, the parametric uncertainties will exist in both kinematic and 

dynamic equations of the manipulator system. Furthermore, mobile 

manipulators possess strong coupled dynamics of mobile platforms and 

manipulator. Therefore, the design of control system becomes an 

important topic of research for researchers. Moreover, some of the 

controllers [103, 103] require inverse and controllers from [105, 106, 107] 

pseudo-inverse of the Jacobian matrix, respectively, leading to numerical 

instabilities in a singular neighborhood. The inverse kinematic issue is 

resolved by a general Jacobian pseudo-inverse approach defined in the 

autogenously configuration space [108]. Recently, Galicki [109] proposed 

a motion planning scheme for averting both collisions with obstacles and 

singular configurations based on optimization criteria. One way to resolve 

the problem of inverse kinematics is to use the task-space based control 

approach. Based on this concept, recently the task-space region-reaching 

control is suggested in [110] for regulating medical mobile manipulator 

without joint velocity measurement.  

2.2 Motivation 

Since decades, the focus has been drawn to combine mobile robots with 

manipulators to perform several applications. For many new applications, 

such as in-service robotics, industrial robots etc. there is a necessity for the 

robots to work autonomously in an uncertain environment. There are 

several challenges when it comes to mobile manipulation. For example, 

the question arises of how to coordinate the movements between the 

mobile base and the manipulator is a nontrivial issue. Another issue is how 

to define and specify the control task. Kinematic redundancy allows the 

redundant manipulators to perform tasks that require high dexterity. They 

can use the extra dof in their benefit to avoid their joint limits and the 
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obstacles in the workspace, while still reaching a desired end-effector pose 

in the task-space. It avoids collision with obstacles (in Cartesian space) or 

kinematic singularities (in joint space). It increases manipulability in 

specified directions. It minimizes energy consumption or needed motion 

torques. 

In the recent past, the literature reveals that many researchers have 

successfully designed motion control algorithms for good tracking 

performance of fixed manipulators. However, it is strenuous to achieve a 

good performance in case of a mobile manipulator due to the uncertain 

nature and dynamic variations of the system. Due to unknown payload 

which varies with structural uncertainty arises while state inequality arises 

in the workspace. Hence nowadays for uncertain systems designing a 

motion control scheme becomes a significant area of research. [72-76] 

These papers analyses work related to mobile manipulators complex task 

execution to attain the desired trajectory by avoiding high tracking errors 

which can be executed in operational-space. Lyapunov stability is 

achieved by fulfilling the constraints and providing a singularity and 

collision free trajectory of the system. 

To obtain dexterous control of holonomic and nonholonomic mechanical 

systems [111], our main aim is to control task-space positions and also to 

overcome parametric uncertainties of the dynamic equation an improved 

adaptive control has been introduced in our work. Therefore, an improved 

adaptive backstepping design is proffered as a robust controller. This 

motion control design assures the global asymptotic stability and tracking 

error convergence for the slowly varying disturbances and uncertainties. 

The proposed scheme is effectively demonstrated numerically with the 

help of real-time mobile manipulator parameters. 

 On the other hand, a group of researchers are working towards the visual 

based control of vehicle-manipulators [112-115]. It is comparatively easy 

in terms of implementation. But it involves complex image processing 
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algorithms which are computationally expensive and cannot be deployed 

on a low-cost microcontroller.  

Further controlling the vehicle-manipulator in its operational-space or 

inverse kinematic based configuration-space may be the feasible solutions. 

However, the coordination of the mobile base and manipulator cannot be 

achieved perfectly. In addition, the vehicle and the manipulator should 

work in certain manner to increase the productivity. For example, the 

manipulator arm should work within its dexterous work-volume which 

increases the overall quality of the performance of the total system. 

Similarly, deploying an operational-space kinematic control with the help 

of Moore-Penrose pseudo-inverse in [116,117] of the Jacobian matrix may 

produce a traceable path, however, in certain occasions the vehicle and the 

manipulator motions are intersecting. Therefore, it requires proper joint 

limitation to the manipulator arm. The same situation may arise in the 

constrained based inverse kinematic solution-based control scheme as 

well. On above, the numerical instability of the Jacobian matrix inverse 

may end up with an unstable motion controller. 

Even kinematic control of a vehicle-manipulator through the help of 

reinforcement learning has been done in the recent past [121]. But in the 

computational point of view, these techniques require very high 

computing facilities and implicate an expensive system. 

Therefore, all these issues in mind, in this work, a resolved motion 

kinematic control scheme is recommended in such a way that the mobile 

base (vehicle) and the manipulator actuation are utilized effectively and 

achieved dexterous mobile manipulation. In the proposed scheme the 

vehicle motion is decomposed in such a way that the vehicle coordinate 

frame and the end-effector frame is maintained with the minimum safe 

distance. The safe distance is decided based on the dexterous workspace of 

the manipulator arm. So, the vehicle position and orientation is obtained 

with the help of line of sight (LoS) motion control strategy along with a 
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minimum safe distance as per the manipulator arm characteristics. The 

manipulator arm joint positions are obtained through the help of closed-

form inverse kinematic solution (which is available readily) based on the 

vehicle position and its orientation along with the desired operational-

space pose vector. The closed-form inverse kinematics of the manipulator 

arm is not discussed, since the focus of the paper is related to coordinate 

motion control of a vehicle-manipulator system.  

Therefore, the desired operational-space is resolved as desired 

configuration-space variables of the vehicle-manipulator. To certify the 

suggested control, scheme the computed velocity control law is applied on 

a real time vehicle- manipulator, namely, JR2 and compared with the 

conventional operational-space control scheme.  To get an optimal 

solution, it is mandatory to employ some constrained optimization 

techniques and few of them are approached in this manner and they are 

available in the literature [86-88,117].    

As mentioned above, in this work, a novel kinematic control scheme is 

introduced, and its overall performance is compared to the conventional 

scheme. It has the capability to incorporate all kinematic constraints and 

resolves redundancy [118]. Several redundancy resolution schemes have 

been reviewed in [119] with a comparative empirical evaluation. The 

advantage of the proposed resolved configuration space-motion is that to 

track the given operational-space poses trajectory it does not require a 

Jacobian matrix inverse or pseudo inverse [120]. This work also discusses 

the asymptotic convergence property of the controllers which assure the 

stability of the system through the help of Lyapunov direct method as 

discussed in [120]. This control design handles all the uncertain 

parameters, disturbances and input constraints in the system. In this work, 

two performance quantifiers are used and compared numerically between 

conventional operational-space kinematic control scheme and resolved 

motion kinematic control scheme in configuration-space.  
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In the real-time applications and motion control of kinematically 

redundant systems, a robust double-loop motion control scheme for 

tracking the end-effector of the vehicle-manipulator system under dynamic 

variations with the help of redundant feedback is introduced. The outer-

loop consists of the task-space kinematics and the inner-loop consists of 

the configuration-space system dynamics. This work also discusses the 

tracking performance when uncertainties and disturbances arise during the 

motion and contact of the vehicle-manipulator with the environment. The 

main aim of the proposed method is to simultaneously control the velocity 

of the mobile base and the motion of the end-effector under the effect of 

parametric uncertainties, coupling effects and external disturbances.  In 

some cases, mobile robot might be used in hazardous environment such as 

rescuing activities, scientific experiments in critical conditions or long-

term operation, where the chance of the failure of the actuators increases 

drastically. Therefore, it is needed to increase their robustness against 

possible actuator failure. In some cases, actuator failure causes 

unnecessary accelerations and forces which are highly dangerous for the 

mobile robot as well as people nearby. So, for a kinematic redundant 

mobile manipulator it is vital to introduce a fault tolerant control which 

can identify the faults of actuators while functioning and minimize the 

effect in actuator performance. 

2.3 Objectives of Work 

The main objective of the thesis is to investigate various robust motion 

control designs for a kinematic redundant mobile manipulator. The 

objectives are: 

• The proposed control law incorporates a feed-forward 

compensation term used to reinforce the control activity by 

canceling the effects known disturbances from known reference 

acceleration;  

• A decentralized PID control law is introduced as a feedback part to 

enlarge the stability of the entire system which would improve 



24 

 

transient performance; and a simple and effective estimation 

approach to estimate the perturbations from the dynamics of the 

PID law to negate for unmodeled dynamics of the 3dof Mobile 

Manipulator and effect of unknown external disturbances. 

• An improved adaptive based backstepping design control scheme 

is proposed which shows better performance when compared with 

the conventional backstepping control scheme under kinematic and 

dynamic constraints. 

• Motion control design assures the global asymptotic stability and 

tracking error convergence for the slowly varying disturbances and 

uncertainties. The proposed scheme is effectively demonstrated 

numerically with the help of real-time mobile manipulator 

parameters. 

• The suggested backstepping design with a nonlinear disturbance 

observer evaluates the disturbance vector based on the identified 

dynamics of the system (in general, imprecise parameters of the 

system). 

• The feasibility, performance and robustness of the suggested 

controller are demonstrated and investigated numerically with the 

help of computer-based simulations. The mathematical model used 

for the computer-based simulations is derived based on a real-time 

mobile manipulator and the derived model is further verified with 

an inbuilt gazebo model in a robot operating system (ROS) 

environment. 

• Lyapunov’s method is used for designing the proposed control 

strategy which also helps to verify the closed-loop stability of the 

system. 

• A comparative analysis of conventional and robust nonlinear 

adaptive backstepping control method for the desired operational-

space motion control of a simple spatial 6-dof wheel-based 

vehicle-manipulator system in real-time. 
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• A resolved kinematic motion control approach is analyzed, and the 

performance is compared with the well-known operational-space 

kinematic control scheme.  

• The proposed control scheme aims to track the given operational-

space (end-effector) motion trajectory with the help of resolved 

configuration-space motion without using the Jacobian matrix 

inverse or pseudo inverse. 

• A performance investigation of 6 dof vehicle-manipulator’s 

operational-space position tracking is executed by extensive real-

time experiments based on robot operating system (ROS) inbuilt 

package. 

•  Four-mecanum wheeled drive mobile robot wheels’ 

configurations that will give near desired performance with one 

fault and two faults for both set-point control and trajectory-

tracking (circular profile) using kinematic motion control scheme 

within the tolerance limit. 

• A robust double-loop motion control scheme is applied for the end-

effector trajectory tracking of the 9 dof spatial JR2 vehicle-

manipulator system. 

Motion control designs introduced in this thesis are successfully verified 

with their robustness and sensitivity analysis has been performed. Their 

performance analysis is also shown and compared with the conventional 

control schemes. The main aim of the motion control schemes is that the 

error should converge to zero with minimum energy consumption. It 

should provide shield against all the parametric and dynamic uncertainties 

and withstand while all the external disturbances occur. In the next chapter 

mathematical modelling consisting of the kinematics and dynamics has 

been discussed for the generalised n-dof systems. 
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Chapter 3 

 

Mathematical Modelling of a Generalized 

Mobile Manipulator 

 

3.1 Generalized Model 

Mathematical modelling generally deals with the description of the system 

in many forms such as dynamic model or equations of motion, kinematic 

or geometric model, and differential equations. n this thesis work the term 

generalized means, a mobile manipulator consists of a 3-dof mobile base 

(planar or ground-based) with a n-dof manipulator arm. Figure 3.1  shows 

the line or conceptual diagram of a generalized mobile manipulator with n 

number of links.  

 

Figure 3.1 Line diagram of a mobile manipulator with n-links 
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Mobile manipulators mostly perform a pick and place or certain 

manipulation tasks in three dimensional space which naturally leads to a 

need for representing the position and orientation of the system. However, 

the mobile manipulator is a multibody system and involves various frames 

and their mapping. This chapter concentrates on the study of position, 

velocity, acceleration known as kinematics on the relations between the 

motions and the forces and torques that cause them constitute the problem 

of dynamics. Mathematical model or dynamic simulation model helps in 

computing the position and orientation of the manipulator's end-effector 

relative to the base of the manipulator as a function of the joint variables. 

We will describe all positions and orientations with respect to the with 

respect to other Cartesian coordinate systems that are (or could be) defined 

relative to the cartesian system. To describe a motion of the system 

effectively, set of reference points associated with coordinate frames 

(simply reference frames) are used to locate and orient the system. Mostly 

there are two types of reference frames  namely inertial and non-inertial 

frame of reference comes under observational reference frame  which lays 

emphasis on state of motion and implies that the observer is at the 

rest(fixed) in frame or moving with a constant velocity . In inertial frame 

of reference, zero net force acts on the body, such a body is at rest and 

fixed to the environment. On the contrary, the non-inertial frame of 

references undergoes acceleration with respect to the inertial frame. So a 

moving frame  is a non-inertial reference frame which can  translate or 

rotate along  with the body motion. A mobile manipulator is a set of 

frames, links, each one capable of motion, and velocity is computed 

starting from the vehicle base to end effector. So with the help of the 

inertial fixed frame and non-inertial frames such vehicle base (moving) 

frame, end effector or tool frame the mobile manipulator system position 

and orientation can be described.   Depending on the application of the 

robot, the end-effector could be a gripper, a welding torch, an 

electromagnet, or another device. We generally describe the position of 
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the manipulator by giving a description of the tool frame which is attached 

to the end-effector, relative to the base frame which is attached to the non-

moving base of the manipulator.  

The characterization of the system which uniquely defines the system 

configuration refers to generalized coordinates. For example for a 6 dof 

robotic arm, there are 6 state variables which defines the position of the 

robot. There are some spaces namely configuration or joint space and 

operational or task space, which help in describing the system 

configuration. Configuration space of the robot is the set of all possible 

positions and orientations for each rigid link of the robot. For the robotic 

manipulator, it can be assumed that its configuration is completely 

determined by its joint parameters.. Task space (or Cartesian space or 

operational space) is defined by the position and orientation of the end 

effector of a robot. Task space is the cartesian space where the operation 

of robot is required. It has X,Y and Z ortho normal axes and roll, pitch and 

yaw rotations about each axes. To relate joint velocities (configuration 

space) to Cartesian velocities (operational space) of the tip of the arm 

Jacobians is used. Jacobian is a multidimensional form of the derivative 

which helps in mapping joint velocities (configurational space) to the end-

effector velocities (operational space) . 

 The existence or non-existence of the kinematic solution defines the 

workspace of a given manipulator. The workspace of a manipulator arm is 

the set of all positions that it can reach. It is that volume of space that the 

end-effector of the manipulator can reach. For a solution to exist, the 

specified goal point must lie within the workspace. Sometimes, it is useful 

to consider two definitions of workspace: Dextrous workspace is that 

volume of space that the robot end-effector can reach with all orientations. 

That is, at each point in the dextrous workspace, the end-effector can be 

arbitrarily oriented. The reachable workspace is that volume of space that 

the robot can reach in at least one orientation.  
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Mobile manipulator consists of the chain of bodies, joints and links which 

need to be described. To compute the position and orientation to the tool 

frame relative to the base frame forward kinematics is required. Forward 

kinematics can be  described kinematically by knowing the four 

parameters called Denavit Hartenberg parameters [122]. Using Denavit 

Hartenberg parameters method, kinematics model can be established for 

any type of mobile manipulator with the n-links The way in which the 

motion of the manipulator arises from torques applied by the actuators, or 

from external forces applied to the manipulator. There are two popular 

approaches to obtain equations of motion of a robot  firstly energy based 

approach namely Lagrange-Euler which is simple and symmetric. 

Secondly momentum/force approach called Newton-Euler recursive 

method [124]  which is  efficient, derivation is simple but messy,  it 

involves vector cross product and allows real-time control. 

Let us consider an example of JR2 omni-directional mecanum base 

autonomous mobile manipulator designed for industrial purposes [123]. 

JR2 has been developed by Robotnik, Gaitech and Smokie Robotics. The 

suggested vehicle manipulator consists of summit XL steel base comprises 

of four mecanum wheels and Aubo-ouri5 manipulator arm with six rotary 

joints mounted at the top of the XL steel base.  

3.2 Kinematic and Dynamic Model of 9dof  JR2 Mobile Manipulator 

3.2.1 Kinematic Model of 9 dof Mobile Manipulator 

In this work, the vehicle-manipulator considered for the motion analysis 

constitutes a six-link serial manipulator anchored on a four-mecanum 

wheeled mobile platform. The mobile platform of the vehicle-manipulator 

is driven by the four independent motored wheels. The photographic image 

along with the generalized frames of the vehicle-manipulator is shown in 

Figure 3.2 where, O (0, 0, 0) is the earth-fixed inertial frame. B ( , , )B BB
x y z  

is the mobile base (moving) frame and end-effector frame is denoted as 
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T ( , , )x y zt t t . The kinematic frame arrangement of the vehicle-manipulator 

is shown in Fig.3.3. 19η is the configuration (joint) space vector of 

position variables,  Tmv ηηη = . 13vη is the vehicle base positions and 

orientation vector  and given as:    
T

x yv v v v=η
16mη is the vector 

of manipulator rotary joint angles and given 

as: [ ]51 2 3 4 6m      =η  where, , , , , 51 2 3 4
      and 6  are the 

joint angles of the manipulator interrelated with serial links. 

 

Figure 3.2 Photographic image of the JR2 vehicle-manipulator 

However, the actuator inputs are with respect to the vehicle frame, 

therefore configuration-space velocity vector can be expressed as: 

  ( )
1

=η J η ξ        (3.1)   

T 9 1] = b mξ [ξ ξ is the control inputs vector in body-fixed coordinate 

frame or command velocities, where 3 1bξ  is the vector of velocity  

inputs of the vehicle and 6 1mξ is the joint velocities vector  of the 

serial manipulator. 
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Figure 3.3 Systematic frame arrangements along with kinematic 

parameters of the JR2 vehicle-manipulator 

9 9
( )

1


J η is the Jacobian matrix of the vehicle-manipulator which maps 

the configuration-space velocities from the body-fixed frame to the inertial 

frame. The proposed vehicle-manipulator constitutes 3 degree of freedom 

(dof) of vehicle base and a 6-dof manipulator arm. The cylindrical-shaped 

manipulator links are considered with serial arrangement. Based on the 

mobile manipulator link parameters in Fig.3.3, the homogeneous 

transformation matrix [124] which is derived, that specifies the location of 

the end effector with respect to the base coordinate system, is expressed as: 

0 0

0 7 7

7
0 0 0 1

R P
T

 
=  
 

      (3.2)   

1

1 1 1 11

1 1 1 1

cos sin 0

sin cos cos cos sin sin
  

sin sin cos sin cos cos

0 0 0 1

k k k

k k k k k k kk

k

k k k k k k k

a

a a a a d
T

a a a a d

 

 

 

−

− − − −−

− − − −

− 
 

− −
 =
 
 
 

       (3.3) 

The matrix 0

7 R and the vector 0

7 [ ]T

X Y ZP P P P=  are the rotational 

matrix and the position vector from the base coordinates to the end 

effector, respectively. The vehicle-manipulator’s kinematic model is 
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formulated and the forward kinematic solution using the Denavit-

Hartenberg formulation and the forward kinematic solution of the vehicle- 

manipulator is expressed below: 

2 4 1 3 2 3 2 2 1

2 4 1 3 2 3 2 2 1

1 3 2 3 2 2

( )sin ( cos( ) cos )cos

( ) cos ( cos( ) cos )sin

sin( ) sin

vL d d L L

d d L L

d L L

    

     

  

+− + + + 
 

= + + + +
 
 − + −            

(3.4) 

          

 

3.2.2 Dynamic Model of 9 dof  Mobile Maniplator 

The Newton-Euler recursive method is used for deriving the equation 

of motion of the vehicle-manipulator and it can be presented in the matrix 

and vector form. Detailed derivation for any n -links of manipulator am is 

as follows: 

Outward iterations for computing velocities and acceleration of the 

joints( , ,   ) are: 

First of all it is necessary to compute the rotational velocity and linear and 

rotational acceleration of the centre of mass of each link of the 

manipulator at any given instant. Start outward  to link n and moves 

successfully link to link 

So that computations will be performed in an iterative way. i is the 

angular velocity vector, here i denotes the corresponding joint axis (𝑘 = 1, 

2, 3) and 1

i

i R+ the rotation matrix, , So the rotational velocity will be: 

1 1 1

1 1 1
ˆ

i

i i i i

i i i iR Z  + + +

+ + += +       (3.5)  

For rotary joint the angular acceleration is as follows: 

1 1 1 1 1

1 1 1 1 1
ˆ ˆ

i i

i i i i i i i

i i i i i i iR R Z Z    + + + + +

+ + + + +=  +     (3.6)  

Then for prismatic joint it is: 
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1 1

1 i

i i i

i iR + +

+ =        (3.7) 

Now, computing linear acceleration as: 

1 1

1 1 1
ˆ[ ( ) ]i

i i i i i i i i

i i i i i i iv R P P v  + +

+ + +=  +   +    (3.8) 

Similarly for prismatic joint: 

1 1 1 1 1

1 1 1 1 1 1 1 1
ˆ ˆˆ[ ( ) ] 2i

i i i i i i i i i i i

i i i i i i i i i i i iv R P P v d Z d Z   + + + + +

+ + + + + + + +=  +   + +  +  (3.9) 

We also require the linear acceleration of the centre of mass of each link 

so it is shown below: 

ˆ) ) ]i i i i i i i

ci i ci i i ci iv P P v  =  +  + +       (3.10) 

Forces and torques acting on the centre of each link is: 

ˆ
i ci

ci ci

i i i i

F mv

N I I  

=

= + 
       (3.11)  

Inward iterations for computing forces and torques are: 

if = force exerted on the link i by link i-1 

in =torque exerted on the link i by link i-1 

Forces and torques exerting on the link about the centre of the mass are: 

1

1 1

i i i i

i i i iF f R f+

+ += −        (3.12) 

1 1

1 1 1 1 1

i i i i i i i i i

i i i i ci i i i iN n R n P F P R f+ +

+ + + + += − −  −     (3.13) 

The required joint torques are found by taking the Z component of the 

torque applied by one link on its neighbour: 

ˆi T í

i i in Z =         (3.14)  

For prismatic joint: 
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ˆi T í

i i if Z =         (3.15)  

 In order to express the dynamic equations of a manipulator in a single 

equation, equation (3.16) shows the structure of the equation which is  as 

follows : 

( ) ( , ) ( )M V G     = + +       (3.16) 

where ( )M   is then n n  mass matrix of the manipulator, ( , )V   is 

an 1n  vector of centrifugal and Coriolis terms, and ( )G  is an 1n vector 

of gravity terms. 

The recursive Newton-Euler dynamics algorithm for all links, 

symbolically, yields the equations of motion for the mobile manipulator, it 

is written as follows: 

( ) ( ) ( )+ + =M η ξ n η,ξ g η σ       (3.17) 

( ) ( )
1 1

= +η J η ξ J η η          (3.18) 

 
9 1

η , 
9 1

η
 are the configuration (joint) space velocities and 

accelerations vector. ( )M η ξ is the vector of inertial forces and moments of 

the vehicle-manipulator, ( )n η,ξ  is the dissipative and non-conservative 

forces vector which includes frictional, Coriolis and centripetal effects of 

the vehicle-manipulator,  the vector of gravity effects of the vehicle-

manipulator is written as g(η) . 
9 1T

]m


= σ [σ σ is the control inputs 

vector, where 3 1x

 σ  is the inputs of the mobile base vector and 

3 1x
m σ is the input torques vector of the serial manipulator attached on 

a mobile base.  The vector of inputs can be further considered as two 

variables by considering control inputs and disturbances. 

con dis= +σ σ σ         (3.19) 



35 

 

dis edis idisσ = σ + σ        (3.20) 

( ) ( ) ( )ˆ ˆ ˆ( ) ( )  ( ) ( ) ( ) ( ) ( )
idis

= − + − + − − +σ M η M η ξ n η,ξ n η, ξ g η g η F η,ξ δ  

          (3.21) 

where, 
ˆ ( )M η ,  ˆ ( )n η,ξ

and
ˆ ( )g η

are the noted (inaccurate) model equations 

of the vehicle-manipulator. ( )F η,ξ is the frictional effects vector which 

comprises of static, coulomb and viscous frictional effects.
δ

is the internal 

disturbances vector acquainted with the system due to measurement and 

process noises. edisσ
is the external disturbances vector acting. on the 

vehicle-manipulator idisσ is the internal disturbances vector due to 

parametric and frictional effects, disturbances and system uncertainties 

arises due to measurement and process noises. 

3.2.2.1. Actuator Inputs and its Allocations 

While correlating the single force actuator inputs with the generalized 

input vector of the suggested kinematically redundant vehicle-

manipulator, the input (control) vector can be rewritten as follows: 

con =σ Bκ         (3.22) 

where, 
6 10

B
 is the actuator configuration matrix and 

10 1
κ

 is the 

actuator input vector. The recommended vehicle-manipulator has four 

actuators (individual wheel motors) inputs in its mobile platform and three 

rotary actuators as actuator inputs at the manipulator. 

Putting value of (3.21) into (3.17) and reorganizing the terms, we have, 

1
( ) ( ( , ) ( ) )

dis
−

= − + +ξ M η Bκ n η ξ g η σ      (3.23)
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The desired manipulator behaviour is well-chosen and presented in the 

Cartesian (operational) space. The operational-space position, velocity and 

acceleration vectors can be insinuated below: 

( )

( )

( ) ( )

( ) ( )

fun

( ) ( )
2 2 1

( )
1

2 2

1
( ) ( ( ) ( ) )

1 2dis

=

= = =

=

= +

−
= − + + +

μ η

μ J η η J η J η ξ

η J η ξ

μ J η η J η η

μ J η M η Bκ n η, ξ g η σ J η η

    (3.24)
 

Where, 
6 1x

μ  is the operational-space position vector 

[ ]Tx y z   =μ . ( ) 6 9
1


J η

is the Jacobian matrix. However, the 

vehicle-manipulator has two coordinate frames and the configuration 

(inertial-fixed) space velocities can be mapped with body-fixed (moving) 

frame velocities as: 

( )1
η = J η ξ                                                                               (3.25)                     

where, 
6 1xξ is the body-fixed frame velocities. Therefore, the 

operational-space velocities can be rewritten with body-fixed velocities as 

follows: 

( ) ( ) ( )1 2
= =μ J η J η ξ J η       (3.26) 

Hence kinematics and dynamics of  various mobile manipulators  with n 

number of links can been studied as discussed so far in this chapter. 

Further in the next chapter  some motion controller designs studied in this 

research work have been presented. 
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Chapter 4 

 

Motion Controller Design 

 
 

4.1 Introduction 

To control the kinematic redundant mobile manipulator with minimal 

tracking errors and provide an effective performance (that is, at a 

satisfactory designed level) on the repetitive task-specific motions, the 

motion controller should be synthesized with all constraints and found the 

optimum controller design. Controllers are implemented to achieve the 

aim to follow the desired operational-space pose vector (spatial) trajectory 

of the vehicle manipulator with uncertainties and time varying external 

disturbances. System parameters are considered as accurate according to 

the literature review and disturbances are measured by sensors directly. 

The optimum controller should overcome the system uncertainties, 

process and measurement noises, and further reject the unknown 

disturbances from the external factors. The major objective of the 

controller is that the zero-error convergence and the controller should 

overcome and adapt itself from all the issues associated with the system 

that is, variations in parameters, frictional effects, external and internal 

disturbances, unmodeled dynamics, etc. This chapter describes the 

controller design of this motion controller along with its closed-loop 

system stability analysis. 

4.2 Proposed Motion Control Scheme 

A robust control methodology helps to deal with system uncertainties due 

its own parameters, friction, internal measurement noise, payload 

variations and external disturbances. The accurate state estimation with 

these uncertainties is still difficult and certain parameters are still more 

difficult to measure. Most of the existing controllers assume all the 

parameter to be known but real-time parameters are difficult to estimate 
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and almost impossible to obtain an exact dynamic model of a mobile 

manipulator due to unavoidable reasons. Good performance cannot be 

achieved without incorporating advanced controllers. In this thesis various 

controllers are introduced such as conventional Joint-space control based 

on inverse kinematics, operational-space end effector position and 

orientation trajectory tracking  control based on Inverse Jacobian, , dual-

loop control, resolved motion control, kinematic control, adaptive 

backstepping and conventional backstepping. These motion control 

schemes show effective and feasible results when compared with the 

conventional and recently control schemes. Let us discuss some of the 

motion control schemes. 

4.2.1 Operational-space End Effector Position Trajectory 

Tracking Control 

In this, a robust nonlinear control method is suggested to perfectly follow 

a desired task space position trajectory of the MM for all possible values 

of 7 uncertainties and time-varying external disturbances. The idea used in 

selecting control law is that the tracking errors must converges to zero and 

stays thereafter even in presence of lumped disturbance and provide strong 

robustness, excellent transient performance and speedy response. The 

proposed control law can be divided into three parts as: 

• The first control term, ηct is obtained by feedback linearization 

technique, known as computed torque control. This control 

approach transforms the nonlinear system into a linear error 

dynamic. This control term consists of ( )µd as a feed-forward part 

responsible for cancelling the effects of known disturbances and 

( )22    µ µ−  −  as a feedback part which stabilizes the tracking 

error dynamics. However, this control alone does not guarantee 

robustness and stability for all possible values of time-varying 

uncertainties and external disturbances.  
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• Hence the second control term considered here, ηPID is a PID type 

controller which helps in enhancing the stability of the whole 

system. As a result, it advances the transient response of the closed 

loop system. 

• The third term, ηest is a disturbance estimator, used to compensate 

for the error which occurs due to the estimation of perturbations. 

This estimator estimates all the uncertainties including external 

disturbances and unknown nonlinear dynamics of the manipulator 

based on the perturbation from the dynamics of the PID controller. 

Therefore, at every sampling period, the control input compensates for the 

uncertainty that exists during task space trajectory tracking of MM. Thus, 

eliminates the need of information of the bounds of perturbation vector in 

prior. 

Consequently, the proposed control law can be stated as follows. 

η = ( )
^ ^

 (         )w cA µr K sign


  + − − −               (4.1) 

where, 
2    2    µr µd µ µ= −  −   

2    2      µ µ µdt = +  +     

      µ µd µ= −  

    ;µ µd µ= −  

^

    oK dt =   

Kc and Ko are the controller and estimator gain matrices of the proposed 

controller, respectively and chosen as constant symmetric positive definite 

(SPD) matrices. µr is the vector of reference acceleration. µd , µd , and 

µd are the given desired task space position, velocity and acceleration 

vectors, respectively. Γ is a positive diagonal matrix. χ is the decentralized 

PID control input vector.
^

   is the estimated vector of nonlinear terms 
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(based on approximated model parameter values) of the manipulator. γ is 

the positive fractional coefficient and ranging from, 0.5 < γ < 2. 
^

  is the 

estimated uncertainty and disturbance vector. 

4.2.1.1 Stability Analysis 

In this subsection, the Lyapunov stability analysis tool is employed to 

show the asymptotic convergence property of the proposed controller. 

To ensure the asymptotic stability of system, the following assumptions 

are considered in the controller design. 

Assumption 1. The controller and estimator gain matrices namely Kc, 

Ko and  are constant SPD matrices, by design, i.e. 

   0
  

   0

 0

T

c c

T

o o

T

K K

K K

and

= 

= 

 =  

                     (4.2)      

Assumption 2. The value of the lumped disturbance is arbitrarily large 

and slowly varying with time i.e. 0 =  

Consider the Lyapunov candidate to be 

11 1

2 2

T T

oV K   −= +                 (4.3) 

where,   is the vector of the lumped uncertainty estimation error and 

can be denoted as 

ˆ  = −                  ( 4.4) 

Taking derivative of Eq. (4.3) results into, 

1T T

oV K   −= +                  (4.5) 
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where,   is the change in the control efforts given by the PID control 

term and is obtained as: 

22   = +  +                  (4.6) 

22   = +  +                  (4.7) 

From Eq. (4.1) and Eq. (4.7), we can write 

 r  = −                   (4.8) 

Now putting the value of   from Eq. (4.7) into Eq. (4.8) leads to, 

( )cK sign   = − −                  (4.9) 

The time derivative of the estimated uncertainty term is given as 

oK =                  (4.10) 

Substitute Eq. (4.9) and Eq. (4.10) into Eq. (4.5), we have 

 
1( )T T

c oV K sign K   −= − −              (4.11) 

As stated in assumption 2, if the uncertainties are slowly time-varying 

then   is zero or negligible i.e. 0  . Therefore Eq. (4.11) takes the 

form 

( ) 0T

cV K sign  = −              (4.12) 

Since, the controller gain matrices Kc and   are constant SPD 

matrices, by design the complete system is asymptotically stable. This 

implies that the task space trajectory tracking errors will converge to 

zero asymptotically. Let S be the set of all points where 0V = as 

follows: 
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 { | 0}S x V=  =             (4.13) 

The set is satisfied by { | 0}S x =  = . If, ( ) 0t = then 0 = . This 

implies that no solution can stay identically in S other than ( ) 0t = . 

Hence, Lyapunov's direct method and Barbalats Lemma, the tracking 

error converges to zero asymptotically i.e. 

lim ( ) 0, lim ( ) 0, lim ( ) 0
t t t

t t t  
→ → →

= = =           (4.14) 

Remark 1. If the lumped disturbance term  is fast varying with time, 

then a enough condition for V  to be negative definite is 

 
1 0T

oK −                (4.15) 

As mentioned in assumption 1 the estimator and controller gain 

matrices (Ko, Kc and ) are constant SPD matrices, ideally inequality 

in Eq. (3.2) can always be satisfied. However, if in the worst-case 

scenario, 
1 0T

oK −   then Eq. becomes: 

 ( )T

cV K sign  = − +          (4.16) 

where 
1T

oK −= −  is a small positive scalar value. In this case, the 

task-space tracking errors can be minimized arbitrarily by appropriate 

choice of design parameters (Kc and Ko) and the uniform ultimate 

boundedness is guaranteed. 

4.2.1.2 Description of the System and Task for Operational-space End 

Effector Position Tracking Control 

To demonstrate the potency of the proposed control method on the 

proposed robotic system, extensive computer-based simulations were 

performed. The proposed manipulator system is composed of 3-dof PRRR 

serial manipulator mounted on 3-dof mobile base. The specifications of 
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the MM used for this study are presented in Table 4.1. The control activity 

of the proposed control method is validated by choosing complex 

trajectory tracking task under the effect of lumped disturbance with and 

without disturbance estimator. The test case chosen such that the 

manipulator will start moving from its home position and revisit back to 

the same position after traveling a defined desired complex path. While 

performing this task the manipulator at home position would picks an 

object of unknown mass (for example, weigh of 2 kg payload is 

considered here for simulation), carry this unknown mass along its defined 

path and drops an object at a desired location point.  

 

Figure 4.1 Desired end-effector (task space) trajectory from the mobile 

base top used for the simulations 

The complex path consists of a vertically downward motion where the 

end-effector picks an object of unknown mass, a down- ward spatial ramp 

followed by a spatial circular motion, upward spatial ramp motion where 

end-effector drops the payload and ending with by following longitudinal 

motion and lateral motion as depicted in Figure 5.1. 
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4.2.2 Operational-space End Effector Position and Orientation 

Trajectory Tracking Control 

Operational-space end effector trajectory tracking pose control is 

introduced where both positions and orientations has been considered. An 

improved backstepping design is presented to follow accurately a given 

desired operational-space position trajectory of the mobile manipulator in 

the latency of system disturbances and ambiguities. Backstepping is a 

versatile nonlinear control technique which is simple to design, since it 

indulges a recursive method to forge the nonlinear control law along with 

the admissible Lyapunov functions. Furthermore, it has weightiness of 

rejecting all the unstable nonlinearities, whereas safeguarding the 

nonlinearities in the system that can be utilized to stabilize it, thus it is 

truly different from other nonlinear control techniques. The suggested 

backstepping design with a nonlinear disturbance observer evaluates the 

disturbance vector based on the identified dynamics of the system (in 

general, imprecise parameters of the system. The proffered observer 

surmises the disturbance vector which compensates the next step response 

based on current state measurements. Two different controllers are used 

namely a conventional backstepping and the proposed adaptive 

backstepping control for analyzing the desired trajectory performance. The 

control laws can be stated as: 

Conventional Backstepping Design: 

( )( ) ( )( ) ( )( ) ( )T
1 1 1 1 1 1 2 2 1 1 1 21 1

ˆ ˆ( ) ,
1ct d d

+ +
= + + + + + +τ M x J x x K e J x x K e K e J x e η x x    (4.17)            

Adaptive Backstepping Design: 

( )( ) ( )( )

( )
( )1 1 1 1 1 11 1

1 1 2T
2 2 1 1

ˆ ˆ ˆ( ) ,
d d

ct dis

+ +
+ + +

= + −
+ +

 
 
 
 

J x x K e J x x K e
τ M x η x x τ

K e J x e

       (4.18) 
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4.2.2.1 Stability analysis and Disturbance observer 

Assumption 1: Controller gain matrix and observer gain matrix are 

believed to be symmetric positive definite matrices. i.e.,  

T T T
1 1 2 2 3 30; 0; 0;=  =  = K K K K K K             (4.19) 

For simplicity, in this numerical investigation these gains are assumed 

as positive diagonal matrices, as follows: 

1 1 3 3 2 2 6 6 3 3 6 6

1 2 3

; ;

where, 0, 0, 0.

;k k k

k k k

  = = =

  

K I K I K I
             (4.20) 

Assumption 2: The total lumped disturbance vector value is 

capriciously large, bounded (since, the actuators have limited 

capabilities, it is assumed that the disturbances are bounded) and 

gradually changing with time i.e. 0dis τ .  

The system is bounded to follow the given operational-space position 

trajectory and the desired operational-space trajectory is considered as 

dμ . The system dynamic model can be rewritten as two single order 

sub-systems in a control-affine form as follows: 

( )

( )

1 1 2

1
2 1 1 2

 

( ) ( , )dis

= =

−
= = − +

x μ J x x

x q M x Bκ η x x τ
             (4.21) 

Here, 1
=x μ  and 2

=x q  are the state variables and they will be available 

as state feedback signals to the motion controller.  
T

1
x y z=x  and 

T

2 1 2 3
u v r   =   x . For the proper choice of 2x  can stabilize the 

first subsystem and allow the sub-system μ  to track the given desired 

position trajectory, dμ . However, 2x is the state vector and available as 
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feedback to the controller and controller cannot choose any values. 

Therefore, the controller chooses a virtual control vector called 2
vc

x  and the 

state 
2x  should follows the given, 

vc

2x . This action can be controlled by the 

second sub-system with a proper input vector. From these actions, the 

closed-loop system contains three error state vectors namely,  

1 11

2 2 2

3
ˆ

d

vc

dis dis

= −

= −

= −

e x x

e x x

e τ τ

              (4.22) 

where, 1dx  is the desired operational-space position vector dμ . 2

vc
x  is the 

virtual control input vector  or in other words virtual reference vector of 

velocities. disτ̂
 is the estimated disturbances vector . In order to design the 

motion control for the mobile manipulator, consider a positive Lyapunov’s 

candidate function as follows: 

( ) ( )T T T 1
1 2 3 1 2 2 3 3 3

1
, ,

12
V

−
= + +e e e e e e e e K e           (4.23) 

Where, 3K  is a design matrix and assumed as a symmetric positive 

definite matrix. . Here  ( ), , 0
1 2 3

V e e e  as it is the sum of the individual 

positive values.   

On differentiating the Lyapunov’s candidate function analogous to time 

in together with state trajectories, it gives, 

( ) T T T 1
1 2 3 1 1 2 2 3 3 3, ,V

−
= + +e e e e e e e e K e          (4.24) 

Where 
1 2,e e  and 

3e  are the error derivatives. The error derivatives can be 

written as follows: 

1 1 2 2 2 31
ˆ; ; ;

vc
d dis dis= − = − = −e x x e x x e τ τ            (4.25) 
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( )

( ) ( )

1 1 2 2 2 21

1 1 2 1 21

,
vc

d

vc
d

= − = −

= − +

e x J x x x x e

e x J x x J x e
             (4.26) 

By choosing proper stabilizing function to the virtual control input in 

(4.27) as follows: 

( )( ) T
2 1 1 1 11 , 0

1
vc

d
+

= + = x J x x K e K K             (4.27) 

where, ( )1xJ
+

is the pseudo inverse of the Jacobian matrix. 

Substituting (4.27) in (4.26), gives, 

( )1 1 1 1 2= − +e K e J x e               (4.28) 

Similarly, error derivative of 2e  can be indicated as follows: 

( )( ) ( )( ) ( )1
2 1 1 1 1 1 1 1 1 21 1 ( ) ( , )d d dis

−+ +
= + + + − − +e J x x K e J x x K e M x Bκ η x x τ

                (4.29) 

Choose a control vector as follows: 

( )( ) ( )( )

( )
( )1 1 1 1 11 1

1 1 2T
2 2 1 1

1ˆ ˆ ˆ( ) ,
d d

ct dis

+ +
+ + +

= = + −

+ +

 
 
 
 

J x x K e J x x K e
τ Bκ M x η x x τ

K e J x e

                 (4.30) 

Where, 2K  is the controller gain matrix and it is presumed as a 

symmetric positive definite matrix. i.e., 2 2 0TK K=   . Substituting 

values, it gives, 

( )T
2 1 2 2 31
= − − −e J x e K e e               (4.31) 

The error derivative of 3e
 is given as: 

3
ˆ

dis dis= −e τ τ                 (4.32) 

Where choose an adaptive law based on velocity feedback as follows: 
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3 1 2 3
ˆˆ ( )dis = +τ K M x x x                (4.33) 

( )( )3 3 1 2 2 3 1 2
ˆˆ ˆ, ( )ct dis= − − + + −x K τ η x x τ e K M x x            (4.34) 

Substituting (4.27) in (4.26), gives 

( )3 3 3 2dis= − −e τ K e e                (4.35) 

Since, the mobile manipulator moves slowly, and its disturbance vector 

is also slowly varying, i.e. 0dis  . This assumption reduces (4.27) as 

follows: 

( )3 3 3 2= − −e K e e                (4.36) 

Substituting it gives, 

( ) ( )T T T
1 2 3 1 1 1 2 2 2 3 3, ,V = − + +e e e e K e e K e e e             (4.37) 

The time derivative of the Lyapunov candidate function is negative 

definite which means, the chosen control design is globally 

asymptotically stable, and the error tends to become zero 

asymptotically.  

If the disturbance vector dis  is not slowly varying and it is bounded, 

the choice of  3K  can guarantees the stability of the system. 

( ) ( )T T T T 1
2 3 1 1 1 2 2 2 3 3 3 31

, , disV
−

= − + + +e e e e K e e K e e e e K τ            (4.38) 

4.2.2.2 Description of the System and Task for Operational-space End 

Effector Position and Orientation Trajectory Tracking Control 

To authenticate the usefulness of the suggested motion control design, a 

performance investigation of the mobile manipulator’s operational-space 

position tracking is executed by using the MATLAB/Simulink package. 

The specifications and the physical parameters of the mobile manipulator 
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which are used for this study presented in Table 4.1. The dynamic 

parameters considered for the simulations are obtained as per the real-time 

mobile manipulator namely JR2. The motion control strategy of the 

current JR2 is not compatible for the users. Further, the proposed 

operational-space position tracking control requires the positional vector 

feedback of the wrist (position vector of the fourth joint of the JR2), which 

is not available at this time.  

 

Figure 4.2 Real time image of JR2 mobile manipulator in the MoveIt 

Software 

Therefore, although the real-time robot available with the authors, the real-

time validation could not perform and present in this paper. Moreover, the 

real-time enactment of the designed controller on a real-time mobile 

manipulator is considered as a future work and it will be available in near 

future. 
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Table 4.1Technical specifications of the JR2 mobile manipulator 

Specifications Values 

Size of the mobile base 800 mm x550 mm x320 mm 

Maximum speed of the mobile base 3 m/s 

Number of wheels 3 

Number of manipulator axes 6 

Work envelope of the manipulator 0.629 m3 

Horizontal distance between the vehicle 

frame to the manipulator base (Lv)  

0.3 m 

Vertical distance between the vehicle 

frame to the manipulator base (d1)  

0.258 m 

Vehicle frame from the ground (height) 

(dv) 

0.32 m 

Joint distance of the manipulator’s 

second frame (d2) 

0.15 m 

Joint distance of the manipulator’s fourth 

frame (d3) 

0.109 m 

Max. payload for the manipulator 2 kg 

Length of the manipulator second link 

(L2) 

0.308 m 

Length of the manipulator third link 

 (L3) 

0.372 m 

 

The photography image of the JR2 mobile manipulator along with its 

working environment is presented in Figure 4.2. The JR2 consists of an 

open architecture Robot operating system and Player/Stage Embedded PC 

with Linux Real Time RBK-IMU (integrated IMU + MAGNETOMETER 

+ GYRO) with RBK-Rotary encoders. The photographic image shows the 
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JR2 vehicle-manipulator along with its kinematic control package, 

namely, the MoveIt software in the lab environment. MoveIt is most 

widely used state of the art software used for the mobile manipulation and 

establishing modern advances in the motion planning. However, the 

derived dynamic model is verified in the virtual robot model in Gazebo 

package environment and the JR2 mobile manipulator in the virtual 

background is presented in Figure 4.3.  

 

Figure 4.3  JR2 Mobile Manipulator Model in the Gazebo Software 

Gazebo is a group of robot operating systems (ROS) packages provides a 

realistic simulation environment with obstacles and many other objects to 

test our robot in unknown conditions. The derived model is almost 

matching with the virtual system motion in both forward and inverse 

dynamic cases. The mobile manipulator will begin from its home position 

and bounded to track an eight-shaped spatial position trajectory as given in 

Figures.4.4 and 4.5. Figure 4.3 describes the desired complex spatial 

operational space position trajectory for the performance evaluation.  
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Figure 4.4 Desired complex spatial operational-space position trajectory 

for the performance evaluation

 

 

Figure 4.5 Desired operational-space positions time trajectories for the 

performance evaluation 

Figure 4.5 displays the desired operational-space positions time 

trajectories for the performance evaluation For any mobile base systems, 
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achieving a complex profile pattern as shown in Figure 4.3 is a very 

complicated and challenging task. The proposed controller follows the 

given complex pattern successfully which is commonly used in industries 

for better reliability. 

4.2.3 Resolved Motion Control 

In this research work, desired trajectory is resolved in configuration-

space and kinematic control. The computed velocity control is 

implemented to achieve the aim to follow the desired operational-space 

pose vector (spatial) trajectory of the vehicle manipulator with 

uncertainties and time varying external disturbances. System 

parameters are considered as accurate according to the literature review 

and disturbances are measured by sensors directly. The recommended 

controller along with a nonlinear disturbance observer assesses the 

disturbance vector depends on the identified system dynamics 

(normally, imprecise parameters of the system), accessible 

displacement and velocity measurements (with sensor noises). The 

main target of the recommended controller is that the tracking errors 

must converge to zero and the controller should overcome and adapt 

itself from all the issues associated with the system that is, variations in 

parameters, frictional effects, external and internal disturbances, 

Unmodeled dynamics, etc.  To perform motion control, two kinematic 

control schemes are discussed in this article. The control laws used in 

the research article can be discussed as: 

A. Conventional operational-space velocity control: 

          ( ) ( )ρKρηJξ ~
d +=

+                (4.39) 

where ( ) 69+
ηJ  is the pseudo inverse of the Jacobian matrix. Jacobian 

is a non-square matrix. As it is a task space kinematic control so ( )J η  

need to be inverted. Hence, we are using Moore–Penrose inverse. dρ  is the 
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vector of desired operational-space velocities ρρρ −= d
~  is the vector of 

operational-space pose errors. dρ  is the desired operational space pose 

vector. ρ  is the actual operational-space pose vector. K  is the controller 

gain matrix and chosen as a symmetric positive definite matrix, that is,  
T 0= K K . 

 

B.   Resolved operational-space motion to the configuration-space 

velocity control 

( ) ( )ηΛηηJξ
T ~

d1 +=                 (4.40) 

where ( ) ( ) 991
1

T
1

−
= ηJηJ  is the inverse of the vehicle Jacobian 

matrix.  dη  is the vector of desired inertial frame (earth-fixed) 

configuration-space velocities which is obtained from the desired 

operational-space velocities. ηηη −= d
~  is the vector of configuration-

space pose errors. dη  is the desired configuration-space pose vector 

which is resolved from the operational-space pose vector. η  is the actual 

configuration-space pose vector.  Λ  is the controller gain matrix and 

chosen as a symmetric positive definite matrix, i.e. 0T = ΛΛ  

dv

d

dm

 
=  
 

η
η

η
              (4.41) 

where,  Tdvdvdvdv yx=η is the vector of desired positions and 

orientation of the vehicle. 

 Tdm6dm5dm4dm3dm2dm1dm =η is the vector of 

desired joint angles of the spatial manipulator arm. These desired 

configuration-space variables can be obtained from the desired 

operational-space pose vector with the help of inverse kinematics. 

However, the vehicle-manipulator system is a kinematically redundant 

system and there are multiple solutions exist.]. In this work, it is 

resolved in two steps, the first step is finding the vehicle positions and 
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orientation with the help of line of sight method along with the 

dexterous workspace of the manipulator and the second step is finding 

the inverse kinematic solutions of the spatial manipulator. After the 

first step operation, the remaining equations are equal to the number of 

unknowns, i.e., there are six independent equations with six unknowns. 

Therefore, the solution is obtained with the help of analytical relations 

and based on the manipulator theory; the closed-form solution is 

available for the manipulator which is considered for the analysis. In 

this work, the inverse kinematic solution of the manipulator arm is not 

discussed as it is not the core research content of this work. Moreover, 

the inverse kinematic solution of the manipulator can be obtained using 

the partial Jacobian matrix inverse (i.e., using the Jacobian matrix of 

the manipulator arm alone). 

The vector of desired positions and orientation of the vehicle can be 

obtained as follows: 

( )vd d d

vd d min vd

vd d min vd

atan 2 ,

cos

sin

y x

x x R

y y R







=

= −

= −

              (4.42) 

where, minR is the minimum safe radial distance between the vehicle 

frame and the end-effector frame. The minimum safe radial distance 

can be decided based on the manipulator dexterous workspace. The 

vector of desired joint angles of the manipulator can be obtained as 

follows:    

( )μη fun=dm                  (4.43) 

where, μ  is the manipulator pose vector from its base frame and it is 

resolved from the original operation-space pose vector and the desired 

positions and the orientation of the vehicle. Simple conventional base 

velocity control and resolved based operational space motion are 
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compared and evaluated. Both the controllers are almost equal and 

providing same result while kinematic control. If motion control 

dynamics is available, then it can be extended up to dynamic control. 

Further, it can be expressed as per the proposed method as follows:  

 

( )

( )



























−

−

−

=

d

d

d

vd

vdvmin

vdvmin

sin

cos











dz

lR

lR

μ            (4.44) 

4.2.3.1 Stability Analysis  

The proposed controller closed loop asymptotic stability is verified by 

Lyapunov direct method. The below mentioned presumptions are well-

chosen to assure the asymptotic convergence of disturbance and 

trajectory tracking response in the overall closed-loop system: 

Assumption 1: The controller gain matrices and chosen symmetric 

positive definite matrix which is given as: 

T T
0; 0;=  = Λ Λ K K       (4.45) 

In this numerical investigation these gains are assumed as positive 

diagonal matrices for simplicity, as follows: 

; ;
1 9 9 2 6 6

k k= =
 

Λ I K I  

1 20, 0;k k          (4.46) 

Here, d= −η η η is the vector of configuration-space velocity errors. 

 dη is the desired configuration-space velocity vector which is resolved 

from the operational-space velocity vector. η  is the vector of actual 
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configuration-space velocity.Chosen Lyapunov candidate function for the 

proposed resolved motion control scheme is mentioned below: 

T

1

1
( )

2
V =η η η

                          (4.47) 

Further differentiating with respect to time along with state trajectories, it 

gives, 

T

1
( )V =η η η

                                                                                     (4.48)  

( )
1

=η J η ξ
                   (4.49)        

1
( )[ ]

1
k

d
−

= +ξ J η η η
                                                                         (4.50) 

[ ]
1 1

k k
d d

= − + = −η η η η η
                 (4.51) 

Substituting (4.49) in (4.43), it becomes 

 
T

( )
1 1

V k= −η η η
                                                                          (4.52) 

Lyapunov candidate function for the conventional operational-space 

control scheme, as follows: 

T

2

1
( )

2
V =μ ρ ρ

                                                            (4.53)     

After differentiating with respect to time along with state trajectories, it 

gives, 

2
T

( )V =μ ρ ρ
              (4.54) 

Operational space velocity errors will be the difference between desired 

operational space velocities and actual operational space velocities which 

is stated as: 
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= −ρ ρ ρ                                                                       (4.55) 

= =ρ J (η)ξ J (η)η
1 2                                                                      

(4.54)
( ) ( ) ( )

2 1
J= =ρ J η J η ξ η ξ

             (4.55) 

2
( )[ ]d k

+
= +ξ J η ρ ρ

              (4.56) 

Substituting (4.56) in (4.52), it becomes 

 
T

2
( ) ( )V k= −μ ρ ρ

2                                                                      (4.57) 

The Lyapunov candidate function’s time derivatives are negative definite 

(strictly) which means that chosen control designs are globally 

asymptotically stable and the tracking errors converge to zero 

asymptotically. The controller parameters of the controller schemes, 

namely, 1
k

 and 2
k

. These values are tuned in such a way that the 

controller performances are almost same in the real-time environment with 

the help of MoveIt.  

4.2.3.2 Description of the System and Task for Resolved Motion 

Control 

To validate the usefulness of the suggested motion control design, a 

performance investigation of the vehicle-manipulator’s operational-space 

position tracking is executed by extensive real-time experiments based on 

robot operating system (ROS) inbuilt package. For quantification 

measurement, it is validated by performing the robustness and sensitivity 

analyses.  Kinematic control is a high-level user-friendly control where 

optimized values are considered. The proffered vehicle manipulator 

comprises of 6-dof manipulator attached on a 3-dof vehicle base. The 

specifications along with the geometrical and other parameters of the 

vehicle-manipulator which are used for this study presented in Table 4.2. 

Vehicle joint positions have small sensor (measurement) noises and filter 
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design is out of scope for the current work. However, the JR2 system has a 

reliable sensor system based on an inbuilt extended Kalman filter fused 

with multiple sensors namely, odometer, motor encoders, accelerometer 

and rate-gyros. Since, the inner-loop control of the JR2 is hard-coded and 

has an inbuilt proportional-integral-derivate (PID) tuned based on 

hardware (wired), the motion control strategy of the current JR2 is not 

compatible for the users. However, the kinematic level controller is quite 

open and flexible, the inbuilt PID control takes the user given velocity 

inputs and control the system in dynamic level. The JR2 consists of an 

open architecture ROS and Player/Stage Embedded PC with Linux Real 

Time RBK-IMU (integrated IMU + MAGNETOMETER + GYRO) with 

RBK-Rotary Encoders. The photography image of the JR2 vehicle-

manipulator along with its kinematic control package, namely, the MoveIt 

software in the lab environment is shown in Figure 4.6. 

Table 4.2 Geometrical Parameters of the JR2 mobile manipulator 

Specifications Values 

Size of the mobile base                                                  800 mm x550 mm x320 mm 

Maximum speed of the mobile base 3 m/s 

Number of wheels 3 

Number of manipulator axes 6 

Work envelope of the manipulator 0.629 m3 

Horizontal distance between the 

vehicle frame to the manipulator base 

(Lv)  

0.3 m 

Vertical distance between the vehicle 

frame to the manipulator base (d1)  

0.258 m 

Vehicle frame from the ground 

(height) (dv) 

0.32 m 
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Joint distance of the manipulator’s 

second frame (d2) 

0.15 m 

Joint distance of the manipulator’s 

fourth frame (d3) 

0.109 m 

Joint distance of the manipulator’s 

fifth frame (d5) 

0.102 m 

Joint distance of the manipulator’s 

sixth frame (d6) 

0.0825 m 

Length of the manipulator second link 

(L2) 

0.308 m 

Length of the manipulator third link 

(L3) 

0.372 m 

 

 

We are performing kinematic control with the help of MoveIt 

which is enabled to JR2. MoveIt is most widely used state of the 

art software used for the mobile manipulation and establishing 

modern advances in the motion planning. In order to validate the 

proposed scheme along with the conventional scheme, we have 

taken four different profiles. The vehicle-manipulator will start 

moving from its original position and return back to its own 

position. In order to show robustness and effectiveness it tracks 

four different spatial position trajectories as given in Figure 4.7a) 

eight-shaped trajectory 4.7b) infinity-shaped trajectory 4.7c) 

circular-shaped trajectory 4.7d) square-shaped trajectory. Both the 

controllers are shown in real time are experimental platform 

deployed. We have conducted every experiment five times in the 

real time environment on JR2. Two error quantifiers along with 

two position and orientation error have been used. Figures 4.8 to 

4.11 presents the time trend of the given preferred operational-
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space positions for the performance evaluation of eight-shaped 

trajectory, infinity-shaped trajectory, circular-shaped trajectory, 

square-shaped trajectory. For any manipulator, task is strenuous to 

achieve the complicated eight and infinity shaped trajectories. In 

case of resolved operational-space motion to the configuration-

space velocity control in all four cases initial errors are higher. The 

error quantifiers prove that both the control schemes are 

performing equivalent. Figure 4.12 shows the flowchart 

representation of the kinematic control model in the real time 

environment. 

 

Figure 4.6 Photographic image of the JR2 vehicle-manipulator along with 

its kinematic control package, namely, the MoveIt software in the lab 

environment 
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Figure 4.7 Desired complex spatial operational-space position trajectories 

for the performance evaluation 

 

Figure 4.8 Time trend of the given preferred operational-space positions 

for the performance evaluation in eight-shaped trajectory 
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Figure 4.9 Time trend of the given preferred operational-space positions 

for the performance evaluation in infinity-shaped trajectory 

 

Figure 4.10 Time trend of the given preferred operational-space positions 

for the performance evaluation in circular-shaped trajectory 
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Figure 4.11 Time trend of the given preferred operational-space positions 

for the performance evaluation in square-shaped trajectory 

 

Figure 4.12 Flowchart representation of the kinematic control model in the 

real time environment 
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Figure 4.13 Sequence of flow between the components of the JR2 vehicle-

manipulator in real-time working conditions 

Figure 4.13 demonstrates sequence of flow between the system 

components of the JR2 vehicle-manipulator. In the above-mentioned 

flowchart data base containing all the desired values, controller parameters 

and control scheme are provided to the open-source robot operating 

system (ROS) computer system by the user. The entire database is 

transferred to the inbuilt PID control system of the JR2 vehicle-

manipulator system. When power is supplied to the motor drivers pulse 

width modulation signals are sent to the actuator wheels and joints which 

thereby helps in the motion of the system. System motion values are 

further sent to the IMU sensor and rotary encoders for calibrating the real-

time values from IMU and rotary encoders. State variable values obtained 

from the sensor and encoders are transferred to the ROS integrated system.  

The controller parameters of both schemes, namely, k and   values are 

chosen as 5 and 3 in such a way that both controllers are giving almost 

same performance in terms of error quantifiers. For better quantification, 
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the values of root mean square (RMS) errors and integral-time of absolute 

errors (ITAE) have been recorded. Both control schemes are equivalent 

after initial transient point. The steady state behaviour is also equivalent. 

These proposed controller follows all the four patterns successfully which 

are used in commercial sector. In this article for analysing the trajectory 

performance following conventional operational space backstepping 

control scheme is used. For measuring the controller’s performance, two 

error quantifiers are used in this article, namely, Integral Time of Absolute 

error and Root Mean Square Error. The error quantifier’s act plays a 

significant role in measuring controller’s performance. Integral Time of 

Absolute error integrates the absolute error multiplied by the time over 

time. It is the square root of the average of squared errors. Equation 5.3 

calculates the end-effector position and orientation error values which is 

used in measuring performance quantifiers. Equation 5.3 calculates root 

mean square error values and Integral Time of Absolute error as shown 

below: 
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4.2.4 Robust Dual Loop Control 

Double-loop controller consists of inner-loop controller and outer-loop 

controller. The outer-loop controller consists of the operational-space 

kinematics whereas inner-loop controller consists of the 

configurational-space system dynamics. 
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where, 1 , 2e e  and 3e   are the error time derivatives. By choosing proper 

stabilizing function to the virtual control input and substituting virtual 

control in error derivatives. ( )1xJ
+

 is the pseudo inverse of the 

Jacobian matrix. 2K  is the controller gain matrix and presumed as a 

symmetric positive definite matrix. i.e., 2 2 0TK K=   choose an 

adaptive law based on velocity feedback as follows: 
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3 1 2 3

ˆˆ ˆ, ( )
3 3 1 2 2 3 1 2

dis

con dis

= +

= − − + + −

σ K M x x x

x K σ σ x x σ e K M x x
              (4.61)

 

( )3 3 3 2dis= − −e σ K e e
                 (4.62)

 

Since, the vehicle-manipulator moves slowly, and its disturbance vector is 

also slowly varying, i.e. 0dis  . 3e reduces as follows: 

 
( )2333 eeKe −−=

                (4.63)
 

4.2.4.1 Stability Analysis and Disturbance Observer 

Consider the system of which the governing equations are given. The 

system dynamic model can be rewritten as two single order sub-

systems in a control-affine form which is expressed as: 

( )

( )

 
1 1 2

1
( ) ( , )

2 1 1 2 dis

= =

−
= = − +

x μ J x x

x ξ M x Bκ σ x x σ

              (4.64) 
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Here, 1
=x μ  and 2

=x q  are the state variables and they will be available 

as state feedback signals to the motion controller.  
T

1
x y z=x  and 

T

2 1 2 3
u v r   =   x . For the proper choice of 

2x  can stabilize the 

first subsystem and allow the sub-system μ  to track the given desired 

position trajectory, dμ . However, 2x is the state vector and available as 

feedback to the controller and controller cannot choose any values. 

Therefore, the controller chooses a virtual control vector called 2
vc

x  and the 

state 
2x  should follows the given, 

vc

2x . This action can be controlled by the 

second sub-system with a proper input vector. From these actions, the 

closed-loop system contains three error state vectors namely,  

1 11

2 2 2

3
ˆ

d

vc

dis dis

= −

= −

= −

e x x

e x x

e τ τ

        (4.65) 

where, 1dx  is the desired operational-space position vector dμ . 2

vc
x  is the 

virtual control input vector  or in other words virtual reference vector of 

velocities. disτ̂
 is the estimated disturbances vector .  

In order to design the motion control for the mobile manipulator, consider 

a positive Lyapunov’s candidate function as follows: 

  ( ) ( )1 T T T 1
, ,

1 2 3 1 1 2 2 3 3 32
V

−
= + +e e e e e e e e K e           (4.66) 

Where, 3K  is a design matrix and assumed as a symmetric positive 

definite matrix. On differentiating the Lyapunov function when relating 

to time along with state trajectories, it presents as: 

( ) T T T 1
, ,

1 2 3 1 1 2 2 3 3 3
V

−
= + +e e e e e e e e K e              (4.67) 
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where, 1 , 2e e  and 3e  are the error time derivatives. By choosing proper 

stabilizing function to the virtual control input and substituting virtual 

control in error derivatives. ( )1xJ
+

 is the pseudo inverse of the 

Jacobian matrix. Choose a control vector as presented: 
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           (4.68) 

2K is the controller gain matrix and presumed as a symmetric positive 

definite matrix. i.e., 2 2 0TK K=  choose an adaptive law based on 

velocity feedback as follows: 

( )( )

ˆˆ ( )
3 1 2 3

ˆˆ ˆ, ( )
3 3 1 2 2 3 1 2

dis

con dis

= +

= − − + + −

σ K M x x x

x K σ σ x x σ e K M x x

           (4.69)  

( )3 3 3 2dis= − −e σ K e e                (4.70) 

Since, the vehicle-manipulator moves slowly, and its disturbance vector 

is also slowly varying, i.e. 0dis  . This assumption reduces as 

follows: 

( )2333 eeKe −−=                      (4.71) 

Substituting all error derivatives, it gives, 

( ) ( )T T T
, ,

1 2 3 1 1 1 2 2 2 3 3
V = − + +e e e e K e e K e e e              (4.72) 

The Lyapunov candidate function’s time derivative is negative definite 

which means that chosen control design is globally asymptotically 

reliable and asymptotically the error converges to zero. If the 
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disturbance vector dis  is not slowly varying and it is bounded, the 

choice of  3K  can guarantees the stability of the system. 

( ) ( )T T T T 1
, ,

1 2 3 1 1 1 2 2 2 3 3 3 3
V

dis
−

= − + + +e e e e K e e K e e e e K σ                (4.73) 

4.2.4.2 Description of the System and Task for Robust Dual Loop 

Control 

In this paper to verify the recommended double-loop motion control 

design scheme, performance investigations for tracking the trajectory of 

vehicle-manipulator have been done using MATLAB/Simulink package. 

Figure 4.14 describes with the help of block diagram, double-loop motion 

control scheme. Double-loop controller consists of inner-loop controller 

and outer-loop controller. The outer-loop controller consists of the 

operational-space kinematics whereas inner-loop controller consists of the 

configurational-space system dynamics. Real- time vehicle-manipulator 

namely JR2 is considered for performing the dynamic simulations. 

However, the derived dynamic model is verified in the virtual robot model 

in Gazebo package environment and the JR2 vehicle manipulator in the 

virtual background is presented in Figure 4.15. 

 

Fig. 4.14 Block diagram of the double-loop controller 
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Figure 4.15 JR2 vehicle- manipulator in Gazebo Environment 

The derived model is almost matching with the virtual system motion in 

both forward and inverse dynamic cases. For the performance evaluation 

manipulator has to begin from a given initial position and end to the 

original position. While travelling, the manipulator will track an eight-

shaped spatial position trajectory. Under the existence of the internal and 

external disturbances, the effectiveness and feasibility is verified by the 

recommended motion control design. Fig.4.15 shows the photography 

image of JR2 vehicle-manipulator in gazebo environment. To testify the 

controller, the dynamic simulations are performed at uncertain conditions. 

Uncertain conditions comprise of process noises, sensor noises such as 

white Gaussian noises and external effect like unknown payload can also 

cause dynamic variations in the system. Fig.4.16 shows the desired eight-

shaped complex trajectory. Figure 4.17  shows the time trend of the 

proposed spatial operational-space trajectory. 
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Figure 4.16 Desired Eight-shaped complex trajectory 

 

Figure 4.17 Time Trend of the proposed spatial operational-space 

trajectory 

4.2.5 Actuator Fault Tolerant Control 

In this research computed velocity control is implemented to achieve the 

aim to follow the desired operational space pose vector trajectory of the 

vehicle-manipulator with uncertainties and time varying external 

disturbances. The main target of the recommended controller is that the 

tracking errors must converge to zero and the controller should overcome 

and adapt itself from all the issues associated with the system that is, 
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variations in parameters, frictional effects, external and internal 

disturbances, Unmodeled dynamics, etc.  To perform motion control, 

kinematic control scheme used in this article is as follows: 

1[ ( )]d p dJ K   −= + −          (4.74) 

d is the vector of desired inertial frame (earth-fixed) configuration-space 

velocities which is obtained from the desired operational-space velocities. 

d
  −= is the vector of configuration-space pose errors. 

d
 is the desired 

configuration-space pose vector.  is the actual configuration-space pose 

vector. 
p

K is the controller gain matrix and chosen as a symmetric positive 

definite matrix, that is, T
0

p p
K K=  . 1 3 1J - is the vector of inverse of 

Jacobian matrix. In order to correlate the generalized input velocity vector 

with the individual actuator inputs (rotational speeds) of the system, the 

input (control) vector can be rewritten as follows: 

Bk=ξ          (4.75) 

where, B  is the actuator configuration matrix and k (kappa) is the vector 

of actuator velocity inputs or command velocities. Figure 4.18 

demonstrates the flowchart representation of the fault tolerant control 

scheme. Figure 4.19 describes the fault tolerant control scheme with the 

help of algorithmic representation. Algorithm 1explains no fault wheel 

configuration case where the control scheme used is computed torque 

control. In first step, we have to find the vector of input velocity 

command ( )ξ  and in second step we will find the wheel angular 

velocities ( )k with the help of Moore-Penrose pseudo left inverse and 

( )ξ .Algorithm demonstrates the condition when number of actuator faults 

are one. Here in first step, we will find the vector of input velocity 

command ( )ξ  with the help of ( )η,η  where T[ ]x y =η and =η J(η)ξ . 

In second step two methods has been used for finding the wheel angular 
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velocities ( )k  namely, weighted pseudo inverse and reduced configuration 

matrix. In Algorithm 3, line of sight method has been used to find the 

input velocity command in step 1 where the number of actuator faults is 

two. In step 2 for finding the wheel angular velocity (kappa), Moore-

Penrose right Pseudo inverse has been used. In this case diagonal wheels 

are faulty in nature. In Algorithm 3, side wheels’ actuators are considered 

as faulty in nature. Front or rear wheels are considered faulty in Algorithm 

5. Moore-Penrose right Pseudo inverse has been used for calculating 

kappa. Table 4.1 shows values of command velocities in all the three 

cases. 

 

 Table 4.3 Values of command velocities in all cases 

Command Velocities (κ ) Values 

No Fault case 4 1κ  

One Fault case 3 1κ  

Two Fault case 2 1κ  
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Figure.4.18 Flowchart representation of the proposed fault tolerant control 

scheme 
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Figure 4.19 Algorithmic representation of the proposed fault tolerant 

control scheme and its algorithms 
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4.2.5.1 Description of the System and Task for Actuator Fault 

Tolerant Control Scheme 

The kinematic control on the mobile platform has been tested using 

MATLAB simulation environment in real-time without random noise No 

obstacle has been introduced in the simulation environment instead 

desired path has been given which automatically encompasses the obstacle 

avoidance. For the same the dimension of the platform considered is 

mentioned in Table 5.3.  

 

Table 4.4 Specification of Mobile Platform 

Aspect Dimension 

Length 335 mm 

Width 310 mm 

Diameter of Wheel 253 mm 

Diameter of Roller 20 mm 

Aspect Ratio(d/L) 0.9213 

 

The time duration of the simulation is taken sufficient so that the mobile 

platform makes a complete circle for trajectory-tracking and in set-point 

control time interval the platform reaches the goal point. Line of sight 

method has been used for the two-fault case. Depending upon the number 

of actuator failure and behavior the mobile platform afterward, appropriate 

kinematic motion control scheme is designed and tested. 

A. No-Fault Case 

The objective here is to make mobile robot to follow a trajectory (circular 

profile), since the mobile robot is over-actuated this is simply done by 

using Moore-Penrose Pseudo-Inverse to get to the angular velocities of the 

actuators from : 
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T ( )k B J +=         (4.76) 

where ( )
1

T TB B BB
−

+ = . The kinematic control was tested tuning the 

proportionality gain. The analysis results are given in Fig. 4.19 where the 

mobile platform and path traced have been depicted. Initial error in the 

graph is because the mobile robot is not positioned and oriented on the 

desired trajectory. 

B. One-Fault Cases 

Due to kinematic redundancy, Omni-directional mobile robot equipped 

with four mecanum wheels can still give desired performance with three 

functional actuators. In case one of the actuators fails and failure has been 

detected the following proposed method can be used. Here, the desired 

wheel velocity can be calculated by using: 

 T ( )k B J +=          (4.77) 

where 1B B+ −=  since B  is a square matrix of
3 3B  . Kinematic control 

scheme with designed FTC method is used make mobile robot follow 

circular trajectory. There are four possible cases since either of the 

actuators can fail and the mobile robot would behave differently. For the 

one-fault case both pseudo inverse and weighted pseudo inverse has been 

used. 

The proportionality gain for both the cases is 2 and it has been assumed 

that the actuator-1 fails after 20 seconds for the wheel configuration-3. 

Similar results can be expected in case of failure of any other actuators 

using the same method. Fig. 4.20  shows that effect of an actuator failure 

on rest of three functional actuators. For the case of pseudo inverse, there 

is abrupt change in the angular velocities of the three actuators, but incase 

of weighted pseudo inverse, the performance or health matrix distributes 

the load on all the remaining actuators and no such abrupt changes are 

experienced resulting smooth functioning of the actuators. The effect of 
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one actuator failure is easily compensated by weighted pseudo inverse 

than simple pseudo inverse. 

 

Figure 4.20 Path traced by the mobile robot and error incurred in no-fault 

case. 

 

 

Figure 4.21  Error incurred with weighted pseudo inverse in one fault. 
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C. Two-Fault Cases 

In case of two-faults, the system becomes under-actuated and it is not 

feasible to obtain both position and orientation of the platform in two-

dimensional space simultaneously and therefore line-of-sight method has 

been used here along with kinematic control scheme. For the rectangular 

matrix   Moore-Penrose Pseudo inverse has been use where actuator 

matrix will have the elements corresponding to the actuators which are 

functional. Appropriate state transformations are introduced to convert the 

kinematics of the mobile robot into a differential drive model.   Depending 

upon which two actuators have failed the platform is going to behave 

differently. Moreover, the wheel configurations  and the aspect ratio also 

plays an important role. All the six possible combinations of the two 

actuators failure have been considered for four different wheel 

configurations. 

C (i) SET-POINT CONTROL 

Initially the analysis was done for set-point control scheme to check 

whether the platform reaches the desired set-point. The initial position of 

the mobile robot was (0,0)  and the desired point was (10,10)  for all the 

cases of different wheel configurations and the desired wheel velocity was 

calculated using: 

T ( )k B J +=         (4.78) 

where, 3 2B  and ( )
1

T TB B B B
−

+ = . The proportionality gain is 2 for all 

the cases. It was observed in most of the cases that error tends to converge 

to zero. 
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C(ii). TRAJECTORY TRACKING CONTROL 

After testing for set-point control scheme, this was further extended to 

trajectory tracking  

where circular profile is considered, and line-of-sight method has been 

used with the kinematic control scheme. The desired path was given as of 

circle and the desired velocity was obtained as the derivative of the path 

and the resulting the wheel velocity of the wheel was obtained from  

T ( )k B J +=         (4.79) 

where 3 2B  and ( )
1

T TB B B B
−

+ = . The proportionality gain is tuned as 

earlier cases and Moore-Penrose Pseudo inverse has been used. All the 

cases were analysed with the same control scheme.  

In this chapter, robust motion control schemes have been introduced  and 

their stability has also been proved. Further system description along with 

the task has been explained. Next chapter discusses the results of the 

motion control schemes studied in the thesis work. 
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Chapter 5 

 Results and Discussions 

 

5.1 Simulation Results and Discussion for Operational-space End 

Effector position tracking control 

The results of the task space motion control performance are discussed, 

and these can be used as a reference to gauge the performance of the 

manipulator and the control scheme in practical circumstances as the 

considerations done while performing these simulations are quite elaborate 

and they emulate the actual manipulator to a satisfactory extent. 

Considerations such as disturbances, parameter uncertainties and sensor 

noises (white Gaussian noises) have all been incorporated in the numerical 

model ensuring the usage of the proposed controller in an actual prototype 

without compromising either performance or effectiveness. The task space 

position trajectories are presented in Figure 5.1 and from this it observed 

that the proposed task space nonlinear PID control along with uncertainty 

estimator performs quite satisfactorily. Further, the time trajectories of the 

tracking error norm (Euclidean norm) are presented in Figure 5.2 and this 

confirms the proposed scheme performance. The controller parameters are 

as follows: 3,2.1,20,20 ==== ΓKK CO . 

 

Figure 5.1 End effector (task space) 3D spatial trajectories for with and 

without estimator schemes 
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Figure 5.2 Time histories of the norm of the tracking position errors for 

with and without estimator schemes 

In addition, the controller parameter sensitivity and its robustness are 

verified by conducting simulations for spatial circular task space trajectory 

tracking. There are four controller parameters namely observer gain OK , 

controller gain CK and two positive constants ( ,Γ ) and, four different 

uncertainty parameters are considered for the analysis.The vector of 

desired task space motion trajectory is given as follows: 

 

















+

−

+

=

t

t

t







sin3.095.0

cos3.03.0

sin3.06.0

μ in m  (5.1) 

where  is the trajectory frequency, which varied and performed 

simulations. The payload is varied from 0 kg (no load) to 2.5 kg 

(maximum payload). The system uncertainty also varied from -30 % to 

30% and verified the robustness. To understand the system robustness, an 

external disturbance vector apart from system uncertainty is included and 

given as follows: 
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cos5

sin5

cos5

δ in N  (5.2) 

where d is the external disturbance frequency, which varied from 0 to 2 

rad/s and performed simulations for understanding the controller 

performance for fast varying disturbances. 

 

Figure 5.3 Time histories of the norm of tracking errors for controller 

parameters’ variations 

Time histories of the norm of tracking errors for the controller 

parameter variations are presented in Figure 5.3. The constant Γ variation 

from 2 to 6 shows the parameter sis sensitive in terms of controller 

performance, however lower than 2 and higher than 6 provide system 

unstable and for value 3, the controller provides better results. Similarly, 

  values from 0.7 to 1.6 provide better results. Controller gain value is 

good from 10 to 20 in terms of minimum tracking errors. However, 

observer gain variations could not change the performance in significant 

way; probably it reduces the rise time of the system but come with more 

control activity.  
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Time histories of the norm of tracking errors for disturbance variations 

are presented in Figure 5.4. From the results, it is observed that the 

proposed controller is robust for the payload variations and parameter 

uncertainty, however for the motion trajectory velocity variations and fast 

varying disturbances the controller provides more tracking error compared 

to slow speed and slowly varying disturbances. In overall, even in these 

cases the tracking errors are well below the permissible limits. 

Consequently, it is apparent from the above discussion that the proposed 

controller provides robust and efficient control performance while tracing 

a complex pre-defined path in the task space. The proposed control 

scheme can be easily extended to three-dimensional task space position 

and orientation tracking problem of a mobile manipulator (with a wrist 

and a tool). 

 

Figure 5.4 Time histories of the norm of tracking errors for disturbance 

variations 
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5.2 Simulation Results and Discussion for Operational-space End 

Effector Position and Orientation Trajectory Tracking Control 

The numerical simulation outcomes are attained based on the improved 

backstepping controller for a given spatial trajectory tracking and shown 

in Figure. 5.5-5.7. The main aim is to gauge the effectiveness and 

feasibility of the designed control technique the simulations are performed 

in the uncertain conditions. The uncertain conditions consist of 

ambiguities such as noises which are inserted in the simulation to dissect 

the behaviour of the proposed scheme for the dynamic variations of the 

system. In the same way, the effect of external disturbances is believed as 

simple variations in payload (i.e., payload is changeable all through the 

preferred trajectory). 

To have better comparison, the controller is tuned by genetic algorithm 

software in such a way that both controllers give an acceptable control 

performance under an ideal condition. There are two different working 

situations are taken into consideration for the numerical simulation 

analysis: an ideal working situation (it means that there are no external 

disturbances and uncertainties, no friction on road and joints) and working 

in uncertain situation. The ideal working situation is deliberated to 

illustrate that the conventional and the proposed performances in terms of 

gains and constants of the controller are approximately identical in terms 

of tracking feature and quantifiers. Figure 5.5 shows the time trend of the 

norm of operational-space position tracking errors at an ideal condition 

where both the controllers provide almost same results. d= −μ μ μ is the 

operational-space pose errors vector which is defined as the difference 

between desired operational-space pose errors dμ  and actual operational 

space pose errorsμ . In fact, the tuning has been done in such a way that 

the conventional control is doing well at the ideal conditions. From the 

results, it can be noticed that the proffered controller is initially has more 

tracking errors than the conventional control scheme. This is due to the 
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inclusion of adaptive law depends on the disturbance observer. The 

disturbance observer is started with zero initial values of the arbitrary 

vector and there is 10% of system parameter uncertainties have considered 

for the ideal conditions.  

 

Figure 5.5 Operational-space position tracking errors at an ideal condition 

 

Figure 5.6 Operational-space position tracking errors at an uncertain 

condition 
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In Figure 5.6, it depicts the time histories of the norm of the operational-

space position tracking errors at an uncertain situation showing x, y, z 

pose vectors. Both controllers are trying to follow the same classical test 

profile, however, the proposed controller over performs the conventional 

controller. The values of Euclidean norm (L2 norm) of errors are presented 

to quantify the controller tracking performance. The comparative motion 

trajectories of the mobile manipulator during the complex operational-

space position trajectory tracking are described in Figure 5.7.  

 

Figure 5.7 Comparative motion trajectories of the mobile manipulator 

during complex operational-space position trajectory tracking 

Table 5.1 Controller parameters 

 

 

 

 

 

Controller Parameters Values 

K1 3 3 3I  

K2 3 3 3I  

K3 3 3 3I  

Uncertainty (%) 10 
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The controller parameters of the motion controller system used for the 

simulation are given in Table 5.1. By conducting simulations for spatial 

operational-space trajectory in the presence of the system dynamic 

variations the controller parameter robustness is successfully verified. 

There are four different working parameters are used to demonstrate the 

system dynamic changes namely percentage of system uncertainties, 

payload, disturbance frequency and forward velocity of the system. 

 

Figure 5.8 Time trend of the norm of operational-space position tracking 

errors under system dynamic variations (controller robustness results) 

 

Figure 5.8 shows the variation in the norm of tracking errors for system 

dynamic changes. The uncertainty in the system is varied from -20% to 

20%, from no load i.e. 0 kg to 3 kg maximum payload the unknown 

payload is varied. An external disturbance velocity is introduced in the 

controller apart from the uncertainty which varies from 0 to 1 rad/s and 

simulations has been performed for gauging the efficacy of the controller 

for fast fluctuating disturbances as well. 

It has been noted that when frequency and velocity of the system increase, 

the amplitude of the disturbances are also increase which gives the 

variation in the tracking errors norm. However, for the variations in 
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payload and system uncertainties are not influencing the proposed 

controller much. In other words, the recommended controller is robust 

enough to the system dynamic variations as long the disturbances are 

bounded or slowly varying. According to the numerical simulation results, 

under the variations caused by payload and uncertainties occurred due to 

parameters with slow changing external disturbances acting on the mobile 

manipulator, it has been observed that the suggested control scheme is 

robust in nature.  

5.2.1 Real-Time Experiments and Discussions 

In real-time experiments, an in-house fabricated mobile manipulator is 

considered for the performance analysis. The fabricated mobile 

manipulator subsists of 3 dof mobile base with four mecanum wheels 

attached with a 3 dof serial manipulator arm with rotary axes. In this in-

house fabricated prototype, an Arduino mega as a low-cost 

microcontroller, two dual dc motor drivers 20A and high torque encoder 

geared dc motor 12V, 600rpm are used.  

 Table 5.2 Technical Parameters of the In-house Fabricated Mobile 

Manipulator 

Parameters of Fabricated 

prototype  

        Values 

Size of the mobile base 600mmX350mmX130mm 

Maximum speed of the mobile base 1.03m/s 

Number of wheels 3 

Number of manipulator axes 3 

Work envelope of the manipulator 0.629m3 

Horizontal distance between the 

vehicle frame to the manipulator 

base (Lv) 

0.19m 

Vertical distance between the 

vehicle frame to the manipulator 

base (d1) 

0.16m 

Vehicle frame from the ground 0.136m 
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(height) (dv)  

Joint distance of the manipulator’s 

second frame (d2) 

0 

Joint distance of the manipulator’s 

fourth frame (d3) 

0.09m 

Length of the manipulator second 

link (L2) 

0.105m 

 

 

Figure 5.9 In-house fabricated prototype attached with the standard 

personal computer 

Figure 5.9 shows in-house fabricated prototype attached with 2GB ram 

standard personal computer with Intel 2.2 GHz processor along with 32bit 

operating system. In the real-time prototype {O} is the inertial frame, the 

mobile base frame is denoted by {B} and {T} is the wrist or tool frame. 

Fabricated prototype is also following the desired complex spatial 

operational-space position trajectory for the performance evaluation. Table 

5.2 shows the simulation parameters used for performance evaluation of 

the fabricated mobile manipulator. Figure 5.10 presents time histories of 

the norm of operational-space position tracking errors during real-time 

tracking experiments on a fabricated prototype. It has been observed that 

adaptive backstepping shows better result than conventional backstepping 

in real-time prototype in the dynamic unknown environment.  
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Figure 5.10 Operational-space position tracking errors during real-time 

tracking experiments on a fabricated prototype 

Table 5.3 Comparison of controller performances during operational-

space position tracking at ideal and uncertain conditions 

Condition   Scheme 

Integral of Time Absolute Error (ITAE) 

in units 

in x 

position       

in y 

position        
in z position 

Ideal 

(Simulations on 

JR2) 

Conventional 

Backstepping         
3.388    5.088             0.285 

Adaptive 

Backstepping               
6.077  5.598 1.111 

Uncertain 

(Simulations on 

JR2) 

Conventional 

Backstepping         
175.973              263.363                 533.306 

Adaptive 

Backstepping               
6.352                  5.997                    3.977 

 

Real-time 

Experiments 

(on a fabricated 

prototype) 

Conventional 

Backstepping         
279.138 272.087 87.853 

Adaptive 

Backstepping               
76.023 77.656 8.375 
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The performance comparison of conventional and adaptive backstepping 

controllers between ideal and uncertain conditions are tabulated in terms 

of one of the popular error quantifiers namely integral of time absolute 

error (ITAE). Table 5.3 discusses the comparison of the controller 

performances in two different operating conditions i.e. in the ideal and 

uncertain conditions during operational-space tracking control. 

5.3 Simulation Results and Discussion for Resolved Motion Control 

Resolved motion scheme is as effective as conventional kinematic control 

based on operational space along with generalized inverse of Jacobian 

matrix. The norm of pose error in square shaped profile is almost same as 

in conventional control. The variable , is playing a significant role in the 

proposed controller scheme. In the proposed scheme the minimum safe 

distance is always considered based on the dexterous workspace which 

means the manipulation quality always high. In that sense proffered 

scheme is simple and better, these qualities allow the motion control on a 

low-cost microcontroller. The controller parameter sensitivity analysis has 

been successfully performed for the spatial operational space trajectory in 

the presence of system dynamic variations. To have a reasonable 

comparison, all the controller gain matrices are tuned in such a way that 

controller provides better control performance. This control scheme is 

more suitable because of considering the dexterous workspace of the 

manipulator arm as the operational region but if opting for operational-

space control, it can have collision between the vehicle and the 

manipulator due to the generalized inverse. The vehicle-manipulator’s 

kinematically redundancy is effectively utilized in this scheme because 

vehicle base is kept at some distance from the target and allow the 

manipulator to perform its manipulation. Further, it does not require any 

soft or hard limit switches for the manipulator joints to avoid the collisions 

between the vehicle and the manipulator. 
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Figure 5.11 Time trend of the norm of operational-space position tracking 

errors 

Table 5.4 describes the comparison of controller performances through 

quantifiers between the conventional operational- space kinematic control 

scheme and the proposed resolved motion kinematic control scheme in 

configuration-space. In the table, the operational space pose tracking 

errors for four desired complex trajectories are calculated and compared 

between the conventional operational-space kinematic control scheme and 

the proposed kinematic control scheme. The proposed new kinematic 

control scheme is successful in tracking the operational space position and 

performance. Further, based on experiments, it assured its closed-loop 

stability as well. Figure 5.11 presents time trend of the norm of 

operational-space position tracking errors. Figure 5.12 depicts the desired 

operational-space positions trajectories along with time trend of the end-

effector orientations. Figure 5.13 depicts time trend of the norm of 

operational-space position tracking errors under system dynamic 

variations (controller sensitivity results). 
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TABLE 5.4 Comparison of Controller Performance Quantifiers Between 

Conventional Operational-Space Kinematic Control Scheme and Resolved 

Motion Kinematic Control Scheme in Configuration-Space 

 

Parameter or 

performance 

quantifier 

Conventional operational-space 

kinematic control scheme 

Resolved motion kinematic control scheme 

in configuration-space 

Eight 

shape 

Infinity 

shape 

Circular 

shape 

Square 

 shape 

Eight 

shape 

Infinity 

shape 

Circular 

shape 

Square 

shape 

xrms in mm 9.8 7.6 7.6 3.1 15.1 9.1 7.2 3.9 

yrms in mm 5.3 8.9 3.2 3.3 7.1 13.2 3.8 3.7 

zrms in mm 3.5 3.1 3.6 3.3 7.3 7.5 7.1 7.3 

rms in rad 0.030 0.029 0.030 0.013 0.008 0.009 0.008 0.006 

rms in rad 0.025 0.023 0.025 0.011 0.013 0.015 0.015 0.012 

rms in rad 0.015 0.018 0.015 0.012 0.006 0.005 0.006 0.003 

xitae in units 9.51 11.93 9.31 6.76 17.23 8.33 8.53 3.33 

yitae in units 9.39 10.91 8.00 5.29 7.76 15.32 8.15 6.52 

zitae in units 5.27 6.31 8.82 5.36 10.31 10.27 9.87 5.20 

itae in units 58.93 53.76 60.76 17.53 13.65 13.92 13.05 8.29 

itae in units 26.85 25.82 27.29 12.22 23.20 23.03 22.85 11.63 

itae in units 32.83 37.06 31.62 16.78 11.18 10.50 10.21 7.67 
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Figure 5.12 Time trend of the norm of operational-space orientation 

tracking errors 

 

Figure 5.13 Time trend of the norm of operational-space position and 

orientation tracking errors for the variations of the controller parameters. 

 

In Figure 5.11, the time trend of end-effector pose tracking errors is 

presented for the variations of the controller gain matrix values (here it is a 

scalar value); the scalar value is varied from 2 to 10 units. Both the 

controllers are working within the design limits (in the real-time it is 

considered as the norm of error should not exceed 0.15 m in position and 
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0.1 rad in orientation).  Controller gain sensitivity has been observed in 

terms of the end effector pose errors and it was found that the increase in 

controller gain ( Λ ) values giving faster convergence and value of steady 

state errors are decreasing. However, the actuator inputs (wheel speeds 

and joint velocities) are getting higher at the initial phase due to the faster 

convergence, therefore, it is considered the particular value based on the 

trade-off between both values of tracking errors, convergence rate and 

actuator inputs. The proposed controller has large error at initial stages due 

to the resolved motion in its task space; however, the conventional control 

scheme the errors are smaller at the initial stages as compared to the 

proposed scheme. Overall, the mean values of ITAE are as equal to the 

operational-space control scheme. Further, in order to validate its 

robustness for the controller parameter variations, the sensitivity analysis 

has been done. Cubic polynomial profile has been considered for 

performing sensitivity analysis. The values of  , have been varied, the 

error quantifiers in terms of position and orientation errors are almost 

same at the steady states but the response time is varied, in fact, faster 

response obtained in the higher regions of gain values. However, in terms 

of the position error values, it is least when controller gain is 5 to 7 units 

and the orientation error values; it is least between 3 to 5 units.  

5.4 Simulation Results and Discussion for Robust Dual Loop Control 

The computer based dynamic simulation results are obtained based on 

the proposed double-loop controller as shown from Figure 5.14 to Figure 

5.16. To validate the controller, the dynamic simulations are performed at 

uncertain conditions. Uncertain conditions comprise of process noises, 

sensor noises such as white Gaussian noises and external effect like 

unknown payload can also cause dynamic variations in the system.  
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Figure 5.14 Time trend of configurational-space and operational-space 

trajectories. 

 

Figure 5.15 Time trend of joint angles in the operational-space trajectory 
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Figure 5.16 Error norm of the operational space trajectory 

 

5.5 Simulation Results and Discussion for Actuator Fault Tolerant 

Control Scheme 

Depending upon the number of actuator failure and behavior the mobile 

platform afterward, appropriate kinematic motion control scheme is 

designed and tested. 

 

1.1 No-Fault Case 

 

The objective here is to make mobile robot to follow a trajectory (circular 

profile), since the mobile robot is over-actuated this is simply done by 

using Moore-Penrose Pseudo-Inverse to get to the angular velocities of the 

actuators from equation mentioned below: 

T ( )k B J +=         (5.3) 
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where ( )
1

T TB B BB
−

+ = . The kinematic control was tested tuning the 

proportionality gain.  

1.2 One-Fault Cases 

Due to kinematic redundancy, Omni-directional mobile robot equipped 

with four mecanum wheels can still give desired performance with three 

functional  

actuators. In case one of the actuators fails and failure has been detected 

the following proposed method can be used. Here, the desired wheel 

velocity can be calculated by using: 

T ( )k B J +=         (5.4) 

where 1B B+ −=  since B  is a square matrix of
3 3B  . Kinematic control 

scheme with designed FTC method is used make mobile robot follow 

circular trajectory. There are four possible cases since either of the 

actuators can fail and the mobile robot would behave differently. For the 

one-fault case both pseudo inverse and weighted pseudo inverse has been 

used. The proportionality gain for both the cases is 2 and it has been 

assumed that the actuator-1 fails after 20 seconds for the wheel 

configuration-3. Similar results can be expected in case of failure of any 

other actuators using the same method. 

The table 5.5 clearly shows that error in position is only about 0.8% when 

weighted pseudo inverse is used which is easily tolerable, however error is 

a bit more in case of pseudo inverse. For the case of pseudo inverse, there 

is abrupt change in the angular velocities of the three actuators, but incase 

of weighted pseudo inverse, the performance or health matrix distributes 

the load on all the remaining actuators and no such abrupt changes are 

experienced resulting smooth functioning of the actuators. The effect of 

one actuator failure is easily compensated by weighted pseudo inverse 

than simple pseudo inverse. 
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Table 5.5 Corresponding root mean square (RMS) errors of the vehicle 

positions 

 

 

Parameters 

RMS position error(m) 

Actuator-1 

failure 

Actuator-

2failure 

             Actuator-3  

                failure 

Actuator-

4 failure 

xe ye xe ye xe ye xe ye 

With fault 

with 

pseudo 

inverse 

  

0.027 
0.033  0.111 0.013 0.011 0.135 0.030 0.031 

With fault 

with 

weighted 

pseudo 

inverse 

0.006 0.008 0.006 0.008 0.006 0.008 0.006 0.008 

 

1.3 Two-Fault Cases 

In case of two-faults, the system becomes under-actuated and it is not 

feasible to obtain both position and orientation of the platform in two-

dimensional space simultaneously and therefore line-of-sight method has 

been used here along with kinematic control scheme. For the rectangular 

matrix   Moore-Penrose Pseudo inverse has been use where actuator 

matrix will have the elements corresponding to the actuators which are 

functional. Appropriate state transformations are introduced to convert the 

kinematics of the mobile robot into a differential drive model.   Depending 

upon which two actuators have failed the platform behaves differently. 

Moreover, the wheel configurations and the aspect ratio (Table I) also 

plays an important role. All the six possible combinations of the two 

actuators failure has been considered for four different wheel 

configurations. 

 

5.5.1 SET-POINT CONTROL 

Initially the analysis was done for set-point control scheme to check 

whether the platform reaches the desired set-point. The initial position of 

the mobile robot was (0,0)  and the desired point was (10,10)  for all the 
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cases of different wheel configurations and the desired wheel velocity was 

calculated using: 

T ( )k B J +=         (5.5) 

where, 3 2B  and ( )
1

T TB B B B
−

+ = . The proportionality gain is 2 for all 

the cases. It was observed in most of the cases that error tends to converge 

to zero. The results have been shown in Figure 5.17. Likewise, the RMS 

error has been tabulated below in Table 5.6. 

 
(a)Wheel-configuration 1 
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(b)Wheel-configuration 2 

 

 
(c) Wheel-configuration 3 
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(d)Wheel-configuration 3 

Figure 5.17 Errors during set-point control 

TABLE 5.6 RMS values of the error for different cases of four-wheel 

configuration 

(a)Wheel-configuration 1 

Cases RMS error(m) 

Xe_RMS Ye_RMS 

Both front wheels are active 0.980 1.192 

Both rear wheels are active 0.967 1.521 

Both left side wheels are active 1.187 1.578 

Both right side wheels are active 1.227 1.362 

Both primary diagonal wheels are active 1.357 2.065 

Both secondary diagonal wheels are active 1.071 1.003 

(b)Wheel-configuration 2 

Cases RMS error(m) 

Xe_RMS Ye_RMS 

Both front wheels are active 0.951 1.362 

Both rear wheels are active 1.183 1.308 

Both left side wheels are active 1.227 1.362 

Both right side wheels are active 1.187 1.578 

Both primary diagonal wheels are active 1.233 1.871 

Both secondary diagonal wheels are active 1.019 1.050 
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(c)Wheel-configuration 3 

Cases RMS error(m) 

Xe_RMS Ye_RMS 

Both front wheels are active 0.980 1.192 

Both rear wheels are active 1.012 1.731 

Both left side wheels are active 1.192 0.979 

Both right side wheels are active 1.183 1.308 

Both primary diagonal wheels are active 1.237 1.921 

Both secondary diagonal wheels are active 1.032 1.026 

(d)Wheel-configuration 3 

 

The RMS error (Table 5.6) seems to be significant since it has been 

desired to obtain both position and orientation with under actuated system, 

but the proposed FTC techniques proved to be effective in achieving goal 

position within the tolerance limit of 5%-7% in almost all the cases from 

Figure 5.17. There is difference in variation of RMS error for different 

cases because the combination of two-faulty actuators significantly affects 

the orientation and thereby the computed wheel velocity. 

5.5.2 TRAJECTORY TRACKING CONTROL 

After testing for set-point control scheme, this was further extended to 

trajectory tracking where circular profile is considered and line-of-sight 

method has been used with the kinematic control scheme. The desired path 

was given as of circle and the desired velocity was obtained as the 

derivative of the path and the resulting the wheel velocity of the wheel 

was obtained from equation which can be expressed as: 

Cases RMS error(m) 

Xe_RMS Ye_RMS 

Both front wheels are active 0.951 1.362 

Both rear wheels are active 0.967 1.521 

Both left side wheels are active 1.362 1.779 

Both right side wheels are active 1.530 1.882 

Both primary diagonal wheels are active 1.032 1.026 

Both secondary diagonal wheels are active 1.237 1.921 
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 T ( )k B J +=         (5.6) 

where 3 2B  and ( )
1

T TB B B B
−

+ = . The proportionality gain is tuned as 

earlier cases and Moore-Penrose Pseudo inverse has been used. All the 

cases were analysed with the same control scheme. The analysis results 

are given in Figure 5.18. Similarly, the corresponding RMS error values 

have been tabulated in Table 5.7. 

 
(a)Wheel-configuration 1 



 

108 
 

 
(b)Wheel-configuration 2 

 
(c)Wheel-configuration 3 
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(d)Wheel-configuration 3 

Figure 5.18 Error while tracking circular profile 

TABLE 5.7.RMS Error value during trajectory tracking control 

(a)Wheel-configuration 1 

(b) Wheel-configuration 2 

Cases RMS error(m) 

Xe_RMS Ye_RMS 

Both front wheels are active 0.280 0.271 

Both rear wheels are active 0.067 0.075 

Both left side wheels are active 0.068 0.071 

Both right side wheels are active 0.033 0.033 

Both primary diagonal wheels are active 0.079 0.080 

Both secondary diagonal wheels are active 0.027 0.028 

Cases RMS error(m) 

Xe_RMS Ye_RMS 

Both front wheels are active 0.015 0.017 

Both rear wheels are active 0.252 0.257 

Both left side wheels are active 0.033 0.033 

Both right side wheels are active 0.068 0.071 

Both primary diagonal wheels are active 0.062 0.061 

Both secondary diagonal wheels are active 0.063 0.065 
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(c)Wheel-configuration 3 

Cases RMS error(m) 

Xe_RMS Ye_RMS 

Both front wheels are active 0.280 0.271 

Both rear wheels are active 0.252 0.257 

Both left side wheels are active 0.251 0.256 

Both right side wheels are active 0.313 0.313 

Both primary diagonal wheels are active 0.233 0.251 

Both secondary diagonal wheels are active 0.205 0.223 

(d)Wheel-configuration 4 

Cases RMS error(m) 

Xe_RMS Ye_RMS 

Both front wheels are active 0.015 0.017 

Both rear wheels are active 0.067 0.075 

Both left side wheels are active 0.030 0.030 

Both right side wheels are active 0.073 0.073 

Both primary diagonal wheels are active 0.166 0.185 

Both secondary diagonal wheels are active 0.250 0.267 

 

Since the system is under-actuated, we only bother about position error not 

orientation as both of these cannot be achieved simultaneously. The 

position errors are very small in majority of cases and are even in few 

centimetres while it is significant in some cases extending to few 

decimetres. The tolerance limit varies between 5% to about 30%. The 

proposed FTC is quite effective for majority of cases of different wheel 

configurations. For some cases the FTC is unable to minimize the error to 

the desired tolerance limit because of the wheel configuration where the 

resultant of two active wheel velocity and roller velocity is unable to give 

the desired velocity. This can be simply understood as the resultant of two 

vectors in a plane cannot produce a vector of desired magnitude in desired 

direction. The RMS error is quite less i.e. in second decimal point in 

majority of the cases showing the effectiveness of the applied FTC 
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method. The four-mecanum mobile robot can follow the desired path 

within the tolerance limit with two faults. This can be further extended by 

modifying the desired path to any complex path and the path can be such 

that obstacle avoidance can be incorporated and the outcomes are expected 

to be nearly same. During the analysis it has also been observed that the 

angular velocities of the wheels are much larger in case of faults. There is 

much load on functional actuators since number to actuators to bear the 

load decreases also, friction has not been considered, in practical the 

friction has impact and to overcome that the actuators need to apply more 

torque. Commercially, mecanum wheel with roller mounted at 350 

inclined to the axis of wheel are available. For some special cases, the 

roller may be inclined other angle, like 30 = , 30 = − , 60 = , 

60 = −  etc. For these cases, the kinematic modelling shall be adopted as 

per  [32]. Moreover, the complexities will increase since for roller angle 

other than 45 the net resultant of the roller velocity should not be zero 

and the control of the mobile robot will be much complex. Analysis for 

those roller angles has been left of further research. Likewise, aspect ratio 

also has major impact on the performance of the mobile robot when the 

diagonal actuator fails. Above all the analysis has been done on aspect 

ratio on about 1 as shown in Table I. We further analysed the case when 

diagonal actuators fail for wheel configuration-3. The result of analysis 

has been depicted in Figure 5.19. The graph indicates that when the aspect 

ratio is less than one the instead of circle the mobile robot moves on a 

spiral that will converge at the centre of the circle while for aspect ratio 

greater than one, the mobile robot will move on the spiral that is diverging 

away from the centre of circle. For aspect ratio one, few terms in B  

matrix will be undefined and there for the FTC method proposed will not 

work. Kinematic control scheme with proposed FTC is found quite 

effective for the four-mecanum wheeled drive mobile robots for both set-

point control and trajectory-tracking control. Here, proportionality gained 

has been tuned accordingly to minimize the error. 
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Figure 5.19 Error incurred for different aspect ratio on diagonal actuator 

failure 

For inverse kinematics pseudo inverse is found less effective than 

weighted pseudo inverse, error is relatively smaller using weighted pseudo 

inverse than pseudo inverse. Likewise, the modification of four-mecanum 

wheeled mobile platform to differential drive system for two fault cases is 

effective compared to modification of the platform to unicycle model.  
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Chapter 6 

Conclusions & Future Scope 

6.1 Conclusions 

In this thesis, an improved robust nonlinear PID control method is 

proposed and successfully extended for a complex predefined task space 

motion control . The validity and feasibility of the proposed method has 

been confirmed by comprising its performance with LPID and CTC 

methods. Under ideal working condition (i.e. f dis = 0), the control 

performance given by all the controllers are almost same and acceptable. 

However, under practical working scenario (i.e. uncertain working 

conditions), the LPID and CTC methods produces significant steady state 

error in spatial trajectory tracking control. In the proposed control 

approach, the control performance of LPID is enhanced by nonlinear PID 

(NPID) and this has been verified through numerical simulations. 

Nevertheless, the effects of lumped disturbance are not completely 

compensated. The improved robustness is achieved by integrating an 

effective and efficient disturbance estimator with the proposed NPID 

controller. This combination reduces the steady state error to almost zero 

even under uncertain working conditions and has been confirmed through 

numerical simulations. In addition to this, proposed control method shows 

robust performance under variations in the controller parameters as well as 

variations in the different disturbances like payload, parameter 

uncertainty, frequency of time varying disturbance etc. In overall, the 

proposed method offers some superior advantages like simplicity in 

design, simple and efficient design approach for disturbance estimator 

which would solve the problem of real-time implementation of the control 

algorithm. 

   A comparative analysis of conventional and robust nonlinear adaptive 

backstepping control method for the desired operational-space motion 
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control of a simple spatial 6 dof wheel-based vehicle-manipulator system 

has been performed and analysed. The proposed controllers ‘viability is 

investigated under ideal and uncertain operating conditions. The control 

performance of the two motion control schemes is almost same and 

acceptable. The main intention in this motion control system is to track the 

operational-space position and performance of the kinematic redundant 

mobile manipulator so that the tracking error congregates to zero. Global 

asymptotic stability and asymptotic tracking performance has been proved 

by the resultant proposed control law. The tracking performance shown 

under parametric uncertainty, nonlinear variations and uncertain friction 

property are stable. Comparison of controller performances has done with 

integral time of absolute errors at ideal and uncertain conditions also have 

been calculated in the XYZ positions. The results indisputably are a sign 

of the reduction in error accumulation. Hence the prospective controller’s 

potency is demonstrated and established using simulations in Gazebo 

software for the mobile manipulator and investigations of the motion 

behaviour. Real-time experimental results for operational-space position 

and orientation trajectory tracking also prove that the adaptive 

backstepping control scheme gives better results and follows the desired 

predefined complex spatial trajectory. 

 New resolved motion kinematic control scheme is proposed and 

compared with the conventional operational-space kinematic control 

scheme. The control scheme is demonstrated experimentally; it is effective 

and can be extended up to the dynamic motion control scheme as well. 

Further the motion control scheme simplifies the computability. Since the 

motion control scheme is effective so no need to use any advanced 

complex schemes like reinforcement learning, visual servoing and other 

complex resolution algorithms. The proposed end-effector motion 

trajectory is tracked with the help of resolved configuration-space motion 

without using the Jacobian matrix inverse. So, the system becomes stable 

and tracking errors are also converging to zero. In the absence of Jacobian 
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matrix inverse, the proposed control scheme shows better results and 

almost closes to the conventional operational-space controller’s 

performance. The proposed scheme can be applied to any similar robotic 

system and is giving a generalised frame work for controlling mobile 

robotic systems. 

An inverse dynamic of the ground-based vehicle-manipulator system is 

proposed by virtue of a double-loop motion control scheme in addition 

with a nonlinear disturbance observer. The proposed motion control 

scheme achieves asymptotic stability for the slowly varying unknown 

external disturbances and system dynamic changes by means of the 

feedback of the positions, velocities of the mobile robot and the 

manipulator joints. The control rule is capitulated agreeable tracking assets 

regardless of the system/parameter uncertainties, disturbing and actuator 

dynamic effects. The end-effector tracking pose errors increase specifically 

in z-axis position (heave) and y-axis rotation (pitch) when the system 

dynamic changes in terms of modelling errors and the unknown external 

effects are introduced. Nevertheless, these error values are procured to be 

in acceptable design limits as the requirement for low energy operation of 

the overall system is concerned. Further, these errors can be decreased if 

higher values of gains are used at the expenditure of a higher sampling rate 

of the controller and lower response time of the actuator. 

In fault tolerant scheme a thorough analysis about the behaviour of four-

mecanum wheeled drive mobile robot for one-fault and two-fault 

conditions with FTC has been presented. The analysis presented is for 

both set-point control and trajectory-tracking control with proportional 

controller been used with kinematic control scheme. The idea behind this 

analysis is to showcase the behaviour of the mobile robot when FTC is 

used with the identified faults. Since understanding the nature of fault and 

the behaviour of mobile robot with it can greatly assist in implementing 

the FTC to obtain the desired performance from the mobile robot. 
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Moreover, the analysis presented is for the entire possible wheel 

configuration and all the possible case for two actuators failure which can 

be used even for designing mecanum wheeled based mobile robots. It has 

been considered that the fault has already been detected . 

 Current research directions are towards minimizing the error occurred 

during set-point control and trajectory-tracking control to obtain the 

desired performance within further minimum tolerance limit of the 

mecanum wheel drive mobile robot even on the occurrence of one-fault or 

two-fault within the limited workspace or occluded area. 

In order to obtain the effectiveness, results are compared with traditional 

controllers (for benchmarking) and with advanced controllers. From the 

comparative results, it shows the significant reduction in error 

accumulation, control activity and substantial enhancement in the 

responsiveness of the controller in the uncertain environment and 

disturbances. The overall experimental results revealed that the suggested 

controllers are effective in trajectory tracking performance. 

6.2 Scope of Future Works 

An improved robust nonlinear PID control method suffer from one 

limitation that the control design is restricted to slow varying lumped 

disturbances only. However, under fast varying disturbances, the task 

space tracking errors can be minimized arbitrarily by appropriate choice of 

design parameters (K c and K o) and the uniform ultimate boundedness is 

guaranteed. As a future work, the proposed control design can be extended 

for fast varying lumped disturbances. 

All the proposed controller schemes can be tested with different type of 

real-time mobile manipulators on real working conditions along with 

applications. There are various applications such as warehouse 

automation, library automation, etc.
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