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Abstract

The study in this thesis addresses the problem of opening a door with a modular and

reconfigurable robot (MRR) mounted on a wheeled mobile robot platform. The foremost issue

with door opening problems is the prevention of occurrence of large internal forces that arise

due to position errors or imprecise modeling of the robot or its environment, i.e. the door

parameters, specifically.

Unlike previous methods that relied on compliance control, making the control design rather

complicated, this thesis presents a new concept that utilizes the multiple working modes of the

MRR modules. The control design is significantly simplified by switching selected joints of the

MRR to work in passive mode during door opening operation. As a result, the occurrence of

large internal forces is prevented. Different control schemes are used for control of the joint

modules in different working modes. For passive joint modules, a feedforward torque control

approach is used to compensate the joint friction to ensure passive motion. For the active joint

modules, a distributed control method, based on torque sensing, is used to facilitate the control

of joint modules working under this mode. To enable autonomous door opening, an online
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door parameter estimation algorithm is proposed on the basis of the least squares method;

and a path planning algorithm is developed on the basis of Hermite cubic spline functions,

with consideration of motion constraints of the mobile MRR. The theory is validated using

simulations and experimental results, as presented herein.

A distributed fault detection scheme for MRR robots with joint torque sensing is also

proposed in this thesis. The proposed scheme relies on filtering the joint torque command and

comparing it with a filtered torque estimate that is derived from the nonlinear dynamic model

of MRR with joint torque sensing. Common joint actuator faults are considered with fault

detection being performed independently for each joint module. The proposed fault detection

scheme for each module does not require motion states of any other module, making it an ideal

modular approach for fault detection of modular robots. Experimental results have attested

the effectiveness of the proposed fault detection scheme.

vi



Acknowledgements

I would like to thank all the wonderful people of Systems and Control Lab at Ryerson University.

The completion of this thesis would have been impossible without the inspiration and continuous

support of my supervisor, Dr. Guangjun Liu, who not just provided me ideal balance of

encouragement, guidance, and opportunities, but also granted me an exceptional degree of

freedom in pursuing my own ideas.

I would also like to thank Hongwei Zhang for insightful discussions, productive collabora-

tions, late-night paper writing sessions, and our joint works on the MRR control design and

implementation.

Next, I would like to thank Jahanzeb Tariq Khan for his friendship and for the perceptive

discussions and support that he provided me during my Ph.D. studies.

Lastly, my deepest gratitude goes to my family for their unconditional support and love

during every period of my life.

“If I have seen further, it is by standing on the shoulders of giants”

- Sir Isaac Newton, 1676.

Toronto, Ontario Saleh Ahmad

Wednesday 8th May, 2013

vii





Dedication

This thesis is dedicated to my family.

ix





Contents

Declaration . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . iii

Abstract . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . v

Acknowledgements . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . vii

Dedication . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . ix

List of Tables . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . xv

List of Figures . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . xvii

List of Appendices . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . xix

1 Introduction 1

1.1 Mobile Robot Manipulators Applications . . . . . . . . . . . . . . . . . . . . . . . 3

1.1.1 Service Robots . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3

1.1.2 Security Applications . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3

1.1.3 Space Exploration . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4

1.2 Thesis Contributions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4

1.3 Outline of the Thesis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5

1.4 Publications . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 6

1.4.1 Journal Papers . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 6

1.4.2 Conference Papers . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 7

2 System Diagnosis 9

2.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 9

2.2 System Models . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 10

2.3 Fault Models . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 11

2.4 Fault Indicator Generation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 12

2.5 Parameter Estimation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 12

2.5.1 Scalar Example with One Unknown Parameter . . . . . . . . . . . . . . . 14

2.5.2 Parameter Drift . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 16

2.6 Fault Detection and Isolation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 17

xi



2.7 Robotic Joint Friction Models . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 19

2.7.1 Basics of Tribology . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 20

2.7.2 Friction Modeling . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 22

2.8 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 25

3 Multiple Working Mode Control Design 27

3.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 27

3.2 Dynamic Model of MRRs with Joint Torque Sensing . . . . . . . . . . . . . . . . 27

3.3 Passive Mode . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 29

3.4 Active Mode . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 31

3.4.1 Control Design . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 32

3.4.2 Active Working Mode Experimental Results . . . . . . . . . . . . . . . . . 36

3.5 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 41

4 Multiple Working Mode Control of Door Opening with Mobile MRR 43

4.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 43

4.2 Related Work . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 44

4.3 Problem Formulation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 46

4.4 Description of the Mobile MRR . . . . . . . . . . . . . . . . . . . . . . . . . . . . 47

4.4.1 Modular and Reconfigurable Robot . . . . . . . . . . . . . . . . . . . . . . 47

4.4.2 Locomotion Base . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 48

4.5 Door Opening . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 48

4.5.1 Door Opening Method . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 49

4.5.2 Door Parameters Estimation . . . . . . . . . . . . . . . . . . . . . . . . . 50

4.5.3 Path Planning . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 54

4.6 Simulation and Experiment Results . . . . . . . . . . . . . . . . . . . . . . . . . . 57

4.6.1 Simulation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 57

4.6.2 Experiments . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 57

4.7 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 64

5 Distributed Fault Detection for Modular and Reconfigurable Robots 65

5.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 65

5.2 MRR Dynamic Model with Consideration of Faults . . . . . . . . . . . . . . . . . 67

5.3 Prediction Error Based Fault Detection . . . . . . . . . . . . . . . . . . . . . . . 69

5.4 Experimental Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 76

5.5 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 89

xii



6 Conclusions and Future Research 91

6.1 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 91

6.1.1 Strengths of the Proposed Approaches . . . . . . . . . . . . . . . . . . . . 92

6.1.2 Limitations of the Proposed Approaches . . . . . . . . . . . . . . . . . . . 93

6.2 Future Work . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 93

References 105

xiii





List of Tables

3.1 External torque for MRR joint in passive mode. . . . . . . . . . . . . . . . . . . . 31

3.2 Physical parameters of the 3-DOF MRR. . . . . . . . . . . . . . . . . . . . . . . 41

5.1 Physical parameters of the two-link MRR robot . . . . . . . . . . . . . . . . . . . 76

5.2 Delay times between the actuator faults occurrence and the fault detection. . . . 80

xv





List of Figures

1.1 The DESIRE robot; reprinted from (Prassler 2013). . . . . . . . . . . . . . . . . 3

1.2 NASA’s Mars rover Curiosity; reprinted from (Greicius 2012). . . . . . . . . . . . 4

2.1 Block diagram of a general system . . . . . . . . . . . . . . . . . . . . . . . . . . 10

2.2 Block diagram shows the implementation of the scalar adaptive, (2.8). . . . . . . 15

2.3 Structure of model-based FDI system. . . . . . . . . . . . . . . . . . . . . . . . . 19

2.4 Friction curve and the lubrication regimes. . . . . . . . . . . . . . . . . . . . . . . 21

2.5 LuGre model simulation with different acceleration. . . . . . . . . . . . . . . . . 24

3.1 Schematic diagram of a joint module. . . . . . . . . . . . . . . . . . . . . . . . . . 28

3.2 Plots of the friction model shows the constant part of the friction. . . . . . . . . 30

3.3 3-DOF modular and reconfigurable robot. . . . . . . . . . . . . . . . . . . . . . . 36

3.4 Position tracking for the 3-DOF MRR. . . . . . . . . . . . . . . . . . . . . . . . . 37

3.5 Position tracking errors for the 3-DOF MRR. . . . . . . . . . . . . . . . . . . . . 38

3.6 Torque sensor readings for the 3-DOF MRR. . . . . . . . . . . . . . . . . . . . . 39

3.7 Torque commands for the 3-DOF MRR. . . . . . . . . . . . . . . . . . . . . . . . 40

4.1 A planar model of door opening. . . . . . . . . . . . . . . . . . . . . . . . . . . . 47

4.2 5-DOF Mobile modular and reconfigurable robot. . . . . . . . . . . . . . . . . . . 48

4.3 Comparison between traditional and proposed door opening method. . . . . . . . 51

4.4 Initial configuration of the mobile MRR. . . . . . . . . . . . . . . . . . . . . . . . 52

4.5 Trajectory of the mobile base and the margin of allowed motion. . . . . . . . . . 57

4.6 Simulation results for 2 cm position error. . . . . . . . . . . . . . . . . . . . . . . 58

4.7 Simulation results for 10 cm position error. . . . . . . . . . . . . . . . . . . . . . 59

4.8 Schematic diagram of the door simulator. . . . . . . . . . . . . . . . . . . . . . . 60

4.9 Pictures of the mobile MRR pulling door open. . . . . . . . . . . . . . . . . . . . 61

4.10 Force measurements at the MRR end-effector. . . . . . . . . . . . . . . . . . . . . 62

4.11 DAUJ pitch and yaw positions and torques. . . . . . . . . . . . . . . . . . . . . . 62

xvii



4.12 Torque sensor readings and joint angle of the MRR joint 1. . . . . . . . . . . . . 62

4.13 End-effector forces with 2o heading angle error. . . . . . . . . . . . . . . . . . . . 63

4.14 DAUJ angles and torques with 2o heading angle error. . . . . . . . . . . . . . . . 63

4.15 Joint 1 angle and torque sensor readings with 2o heading angle error. . . . . . . . 64

5.1 Block diagram of distributed fault detection of one MRR joint module. . . . . . . 72

5.2 Two-link MRR robot. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 77

5.3 Fault free with nominal values, joint 1. . . . . . . . . . . . . . . . . . . . . . . . . 79

5.4 Fault free, joint 1. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 81

5.5 Free-swinging actuator fault, joint 1. . . . . . . . . . . . . . . . . . . . . . . . . . 82

5.6 Ramp actuator fault, joint 1. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 83

5.7 Saturated actuator fault, joint 1. . . . . . . . . . . . . . . . . . . . . . . . . . . . 84

5.8 Fault free, joint 2. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 85

5.9 Free-swinging actuator fault, joint 2. . . . . . . . . . . . . . . . . . . . . . . . . . 86

5.10 Ramp actuator fault, joint 2. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 87

5.11 Saturated actuator fault, joint 2. . . . . . . . . . . . . . . . . . . . . . . . . . . . 88

1.1 Example of two cubic splines. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 96

xviii



List of Appendices

1 Hermite Cubic Spline Example 95

2 Selection of the Upper Bound for the Dead-zone Residual Function 97

xix





Chapter 1

Introduction

‘Mobile manipulator’ is nowadays a widespread term used to refer to robot systems built using

a robotic arm that is mounted on a mobile platform. Such systems amalgamate the advan-

tages of mobile platforms and robotic arms while reducing their individual drawbacks. For

instance, an arm offers several operational functionalities and the mobile platform extends the

workspace of the arm, which ultimately extends the reach of operational functionalities. Mo-

bile robot manipulators promise to be the next frontier in robotics. Even though the need

of fixed robots will remain perpetual in manufacturing sector, augmenting robot manipulators

with mobile robots promises additional flexibility to end-users in new applications. Examples

of such applications include personal assistance, medical and surgical uses, security, warehouse

and distribution applications, as well as ocean and space exploration. The ability of one mo-

bile robot to serve several locations and perform a greatly expanded range of tasks is greatly

appealing for specialized applications.

Recently, mobile robots have found their way into other non-industrial applications, a suc-

cess owed to the reduced cost of deployment and ownership associated with mobile robots. The

current generation of mobile robots is serving hospitals, laboratories, and some offices where

they replace skilled labor for mundane transportation tasks. Mobility is already the norm in ser-

vice applications and this sector is primed for tremendous growth. Service robotics is expected

to overtake the industrial robots sector in a matter of a few years. However, mobile robots

are capable of performing only ordinary transportation tasks. To be able to carry out most of

the other tasks, like flitching things, rescue applications, or home service applications, mobile

robots have to be combined with robotic arm(s). At the moment, mobile manipulation topic is

being focused upon significantly in development and research environments. Very few mobile

manipulators, mostly teleoperated, are used scantly here and there like in space exploration,

military operations, home-care and health-care. Many challenges and problems associated with

1



Chapter 1

autonomy are hindering the growth of mobile robot manipulators.

In the mobile manipulators’ literature, traditional manipulators have been integrated with

mobile platforms; however, traditional manipulators are position controlled with a fixed config-

uration and joints working in a single active mode. While traditional manipulators have been

very successful at manipulating in controlled environments like a factory, they have performed

sophisticated manipulation tasks in uncontrolled environments only when operated by a hu-

man. In addition, when integrated with mobile robots, they substantially limit the application

potential of mobile manipulators. Within controlled environments, the world can be adapted to

the capabilities of the robot. In uncontrolled environments, the robot has to adapt to the world

consisting of only partially known objects and tasks, and real-time constraints. There are still

many challenges to develop mobile manipulators for working in such uncontrolled environments

or human environments. A typical example is that, opening a door is still a difficult task for

robots.

This research aims to tackle such challenges by developing a mobile modular and reconfig-

urable robot that supports multiple working modes and utilizes this capability to find solutions

to the problems of mobile manipulation in uncontrolled environments. A modular and recon-

figurable robot can be defined as a ‘robotic system constructed from a set of building blocks

that are a collection of individual link and joint components’. By changing the configuration of

these building blocks, a wide variety of specialized robots can be constructed. The development

of a modular and reconfigurable robot (MRR) consisting of modular rotary joints is a part of

ongoing research at our Systems and Control Lab. A unique feature of the locally developed

MRR robotic joints is the implementation of both active and passive working modes on the

same MRR modules. The work presented in this thesis utilizes this feature in solving problems

that arise when working in uncontrolled environments, specifically the door opening problem.

In addition, in some applications, mobile manipulators are expected to operate in unknown

environments where human intervention is not always possible and can be very expensive or

even dangerous. It is therefore essential for the mobile MRR to independently detect and isolate

internal failures and utilize the remaining functional capabilities to overcome the limitations

forced by the failures.

The scope of this thesis is two folds. The first part addresses a key challenge in almost all

mobile manipulator applications: the door opening problem. The second part of this thesis

is dedicated to the design of distrusted fault detection scheme for modular and reconfigurable

robots.

2



Chapter 1 1.1. MOBILE ROBOT MANIPULATORS APPLICATIONS

Figure 1.1: The DESIRE robot; reprinted from (Prassler 2013).

1.1 Mobile Robot Manipulators Applications

1.1.1 Service Robots

Service-robotics research has seen a rapid growth in recent years as robot control, programming,

hardware and sensors mature. Service robots might provide day-to-day support in homes, doing

laundry or dishes, assist in the care of elderly, or act as a caretaker for individuals within a

home. One example of service robot is the DESIRE robot shown in Fig. 1.1. DESIRE is German

service-robot initiative project, which was funded by the German Ministry of Education and

Research. The development of a platform that can serve as a reference for daily use household-

service robots was the goal of the project.

1.1.2 Security Applications

Mobile robots may provide access to areas deemed dangerous to human beings such as nuclear

power plants containing levels of radiation, especially during disaster times or potentially dis-

3
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Figure 1.2: NASA’s Mars rover Curiosity; reprinted from (Greicius 2012).

astrous times. Domains like monitoring, security and patrolling have seen significant expansion

of applications of mobile robotics. Patrolling applications provide users with the ability to

monitor intrusion on vacant properties or warehouse spaces. It also facilitates the monitoring

of thermal and other environmental conditions. This additional ability is due to the reliability

and low costs attributed to autonomous vehicle patrol capabilities.

1.1.3 Space Exploration

The rising interest in space exploration missions has also spurred growth in mobile robot ma-

nipulators, a few examples of which are the Spirit, Opportunity, and the Curiosity rover. The

Curiosity shown in Fig. 1.2 is the most recent Mars exploration project, a part of NASA’s Mars

Science Laboratory mission, the aim of which is to explore Gale Crater on Mars. The main

scientific goals of this car-sized robotic rover are to investigate the possibility of existence of

human life on the red planet, determine the role of water, and to study the climate and geology

of Mars. The mission will also pave the way for human exploration.

1.2 Thesis Contributions

As mentioned previously, the research work presented in this thesis is concentrated on two

objectives: development of door opening control strategy, and fault detection algorithm for

MRRs with joint torque sensing. More highlights of thesis contributions are as follows:

4



Chapter 1 1.3. OUTLINE OF THE THESIS

• An autonomous control strategy for door opening with mobile MRR based on the frame-

work of the multiple working mode control

- A novel door opening strategy

- The proposed door opening method does not require prior knowledge about the

door parameters

- Door parameter estimation algorithm

- Path planning method for the mobile MRR

• Design of decentralized fault detection for modular and reconfigurable robots with joint

torque sensing

- The proposed distributed fault detection scheme does not require acceleration mea-

surements

- The proposed fault detection of each joint module is independent of the motion

states of other joints

1.3 Outline of the Thesis

The thesis is divided into six chapters, and a brief outline of the next five chapters is as follows:

Chapter 2 The second chapter is meant to introduce the basics of system diagnosis. The

material covered in this chapter tends to focus on reviewing various methods of system

diagnosis, with special emphasis put on analytical fault detection methods because these

methods form the roots of the proposed fault detection algorithm in Chapter 5. The

chapter also presents an overview of friction in robotic joints from both empirical and

phenomenological perspectives. Both static and dynamic friction models are described.

These models have their due importance not just in the design and validation of the

proposed distributed fault detection algorithm but also in the design of multiple mode

control of the MRR.

Chapter 3 The multiple working mode control design concepts are described in this chapter.

The first part of this chapter discusses the dynamic model, utilized in the active working

mode control design, of modular and reconfigurable robots with joint torque sensing. The

later subsections describe, in detail, the passive and active working modes used to devise

the door opening method. Related experimental results for both working modes are also

documented in this chapter.
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Chapter 4 One of the two primary contributions of this research work, the proposed door

opening method by a mobile modular and reconfigurable robot, is detailed in this chapter.

The chapter opens with the foremost requirement of any research work, literature review,

which in this case covers the topic of door opening with mobile robot manipulators. The

subsequent sections of this chapter detail the formulation of door opening task using the

mobile MRR. The theoretically proposed door opening method was endorsed through

simulations and experimental results, both of which are also documented in the later

subsections of this chapter. Concluding remarks close the chapter.

Chapter 5 The purpose of this chapter is twofold: i) describe the proposed distributed fault

detection scheme for modular and reconfigurable robots, and ii) to show how the proposed

method can be applied to detect actuator faults. A brief literature review of previous

research works on fault detection of robot manipulators commences this chapter. The

following section describes the dynamic model of MRR with joint torque sensing that may

undergo actuator fault. The proposed distributed prediction error based fault detection

approach is detailed in the third section. Experimental results attesting the theoretical

contributions along with the concluding remarks are the subject of last two sections of

this chapter.

Chapter 6 The last chapter summarizes the contributions and achievements of this thesis,

hints at directions for possible future research, and discusses the open challenges related

to the proposed door opening method and fault detection scheme.

1.4 Publications

1.4.1 Journal Papers

1. S. Ahmad, H. Zhang, and G. Liu, “Multiple Working Mode Control of Door Opening

with a Mobile Modular and Reconfigurable Robot”, IEEE/ASME Trans. on Mech., vol.

18, no. 3, pp. 833-844, Jun., 2013.

2. S. Ahmad, H. Zhang, and G. Liu, “Distributed Fault Detection for Modular and Reconfig-

urable Robots with Joint Torque Sensing: A Prediction Error Based Approach”, Revision

submitted to Mechatronics, Jan., 2013.

3. H. Zhang, S. Ahmad, and G. Liu, “Modeling and Analysis of Compliance and Hysteresis

in Harmonic Drives”, Revision submitted to IEEE/ASME Trans. on Mech., Jan., 2013.
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1.4.2 Conference Papers

1. G. Liu, S. Ahmad, and L. Ren, “Hybrid Control of Door-opening by Modular Re-

configurable Robots”, in Proc. IEEE/RSJ Int. Conf. Intell. Robots Syst., St. Louis,

MO, Oct. 11-15, 2009, pp. 1480-1485.

2. S. Ahmad, and G. Liu, “A Door Opening Method by Modular Re-configurable Robot

with Joints Working on Passive and Active Modes”, in Proc. IEEE Int. Conf. Robot.

Autom., Anchorage, AK, May 3-8, 2010, pp. 1480-1485.
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Chapter 2

System Diagnosis

2.1 Introduction

Diagnosis is a multidisciplinary science covering a wide spectrum of applications across different

fields. Owing to its relevance in different fields of applications, extensive literature is available

on the system diagnosis topic, some examples of which are (Zeigler 1992), (Basseville and

Nikiforov 1993), (Liu et al. 2000), (Gustafsson 2000), (Yongli et al. 2006), and (Bishop 2007).

Because of its diversity, it is challenging to find a standard presentation and categorization code

for different methods and solutions. An important contribution towards a common framework

was presented in a special issue of the IEEE Transactions on Systems, Man and Cybernetics

journal, in 2004 (Biswas et al.). System diagnosis was considered as an area of research for two

communities primarily, which are:

• The Fault Detection and Isolation (FDI) community, a community that borrows concepts

largely from control theory and statistical decision making, and

• The Diagnosis (DX) community, having roots in computer science and artificial intelli-

gence.

However, diagnosis is not a research topic limited to the above mentioned fields only. Profes-

sionals of other fields focus on system diagnosis as well, but have their own terminology to refer

to it. For example, the mechanical engineers call it ‘condition monitoring’ while the computer

scientists specializing in machine learning deal within the context of classification problems.

It is beyond the scope of this thesis to provide a comprehensive overview of the various diag-

nosing solutions and terminology but an interested reader may refer to the work reported in

(Venkatasubramanian et al. 2003; Nandi et al. 2005). It is aimed that the contents of this
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2.2. SYSTEM MODELS Chapter 2

chapter introduce the problems to a reader and facilitate the contextualization of the methods

developed in this work.

2.2 System Models

A thorough understanding of the system behavior and its dependencies on the faults is critical

for choosing the appropriate diagnosing algorithm. Models may be used for this purpose. For

the purposes of this research work, a system is a mechanism that generates data with which a

diagnosis can be performed. Consider the block diagram shown in Fig. 2.1, where the system

represents the mechanism that takes in two inputs, deterministic input ‘z’ and random inputs

‘v’ (e.g. noise), and outputs measurable data y. ‘v’ inputs are assumed to be unknown, while

z could have partially known components. The set of deterministic inputs, z, is further broken

down into three distinct categories: u, d and f with u being known input (e.g. control inputs), d

being unknown and uninteresting input (e.g. disturbances), and f being unknown but an input

of interest (e.g. faults). The signals y and u are known and critical for the design of diagnosis

solutions. Inputs v, d and f all have an aggregate effect on y and u, and segregating the effects

of these inputs is important to determine their individual effects on the output. Generally, a

system model is a map from z and v to y, i.e.

y = g(z, v) (2.1)

When this map is parameterized with parameters θ, it is called a model structure, M ,

M : y = g(z, v, θ) (2.2)

A particular parameter choice, θ̄, leads to a model instance, M(θ̄), of the model structure M .

A system model structure can be obtained through either careful modeling that is based on

physical principles and well-established relations or by determining the model structure directly

from available data. For the earlier case, the parameters in such models are related to some

physical meaning. If there are known parameters, the system model may either be called white

Figure 2.1: Block diagram of a general system
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box or gray box; white if all parameters are known, or gray box if some parameters are known.

In the case of gray box models, the unknown parameters must be determined, e.g. by using

an identification procedure. In the latter case, the resulting model is called black box and its

parameters have no obvious physical interpretation. System models that are based on physical

principles have larger generalization capacity comparing to those obtained from data.

Remark 1 The term generalization capacity refers to the degree to which a model can simulate

the actual behavior of a system. Generalization capacity is an important characteristic that

typically has larger values for models derived from physical principles than black box models.

2.3 Fault Models

Fault modeling is of special importance. The chosen fault model must mock up the physical

effects of a fault and the way it is reflected in the available data. Faults can be categorized

either by their time behavior or by the manner they affect the system. With respect to the

time behavior, a fault might be:

• Abrupt, a fault that affect the system abruptly, stepwise. Abrupt fault may represent

bias in the monitored signal.

• Incipient, a fault that develop gradually with time. Incipient faults are modeled by using

ramp signals. Incipient fault may represent drift of the monitored signal.

• Intermittent, a fault that affect the system with interruptions. It could be described by

combination of impulses with different amplitudes.

Depending upon the kind of affect a fault may has on the system, it may be:

• Additive, i.e. faults that are effectively added to the system’s inputs or outputs. Additive

faults influences a variable of the system by an addition of the fault itself. They may

represent, e.g., offsets of sensors.

• Multiplicative, i.e. faults acting on a parameter of the system. For example, changing

a parameter θ of the model structure M .

• Structural, i.e. faults introducing new governing terms to the describing equations of

the system. For example, changing the model structure M .

Additive faults and multiplicative faults are typically used to model sensor faults and system

faults respectively.
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2.4 Fault Indicator Generation

Fault indicator generation task has the purpose of signalling a fault’s occurrence by means of a

user designed algorithm that operates on dataset (u, y). In other words, it is a sort of a virtual

sensor that outputs a signal only upon perceiving a fault. In case if there is any available

information about the unknowns (v, d, f), it can be used to design fault indicator. The system

model structure M is a key indicative of system behavior and as such its importance in designing

fault indicators is unquestionable. Two fault indication methods are presented below, both of

which are based on the assumption that the actual model instance generating the data is given

by M(θ0).

Output observer: In this case, the model instance, M(θ0), is assumed to be known and is

used to reconstruct the output from the data (u, y), thereby creating an analytical redundancy

ŷ(θ0) that provides a fault indication given by e(θ0) = y − ŷ(θ0), also known as residual.

It should be observed that residual indicates a non-zero difference between the observations

and the reference behavioral mode related to θ0. In other words, the residual e(θ0) can be

considered as a test quantity which for nominal parameters, θ0, indicates deviation from a

faultless reference behavioral mode. Additional test quantities are also obtainable by further

processing the residuals e(θ0) if multiple reference modes are available.

Parameter estimation: The parameter θ0 has its estimate θ̂ obtained through parameter

estimation techniques that rely on measured data (u, y) and knowledge of model structure M .

Parameter estimation technique is a natural choice for multiplicative faults. In case if external

knowledge about θ0 is available, a test quantity can be defined as θ̂ − θ0 to indicate deviations

from the reference behavior related to θ0.

θ̂ can also be used to provide an output estimate ŷ(θ̂) and subsequently the residual e(θ̂) =

y − ŷ(θ̂) since both are functions of θ̂. Residual e(θ̂) serves as a test quantity for diagnosing

structural faults. Additional test quantities can also be defined provided that other reference

behavioral modes are known just like in the output observer case.

Remark 2 Whereas, the parameter estimation techniques are a natural choice for multiplica-

tive and structural faults, the output observers are more suitable for additive faults. Neverthe-

less, these methods can be used interchangeably, (Isermann 2006).

2.5 Parameter Estimation

Parameter estimation is the technique of estimating the unknown parameters of a known model

structure by using measured data. The solutions provided by the parameter estimation algo-
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rithm depend upon the model structure and the necessity for a real-time method (Gustafs-

son 2000). To illustrate the concepts of parameter estimations, the prediction error method,

adapted from (Ioannou and Tsakalis 1986), is described next. Let us consider systems described

by ordinary differential equations of the form:

ẋ = f(t, x) x(t0) = x0 (2.3)

where x ∈ <n, f : J × B(r) 7→ R, J = [t0,∞) and B(r) = {x ∈ <n | |x| < r}. We assume

that f is of such nature that for every x0 ∈ B(r) and every t0 ∈ <+, (2.3) possesses one and

only one solution x(t; t0, x0).

Definition 1 A continuous function ϕ : [0, r] 7→ <+ (or a continuous function ϕ : [0, ∞) 7→
<+) is said to belong to the class K, i.e., ϕ ∈ K if

i) ϕ(0) = 0

ii) ϕ is strictly increasing on [0, r] or on (0, ∞).

Definition 2 A continuous function ϕ : [0, ∞) 7→ <+ is said to belong to the class KR, i.e.,

ϕ ∈ KR if,

i) ϕ(0) = 0

ii) ϕ is strictly increasing on [0, ∞)

iii) limr→∞ ϕ(r) =∞.

Theorem 1 Assume that (2.3) possesses unique solutions for all x0 ∈ <n. If there exists a

function V (t, x) defined on |x| ≥ R (where R may be large) and t ∈ [0,∞) with continuous

first-order partial derivatives with respect to x, t and if there exist ϕ1, ϕ2 ∈ KR such that:

i) ϕ1(|x|) ≤ V (t, x) ≤ ϕ2(|x|)

ii) V̇ (t, x) ≤ 0

for all |x| ≥ R and t ∈ [0,∞), then, the solutions of 2.3 are u.b. If in addition there exists

ϕ3 ∈ K defied on [0,∞) and

iii) V̇ (t, x) ≤ −ϕ3(|x|) for all |x| ≥ R and t ∈ [0,∞)

then, the solutions of 2.3 are u.u.b.

Lemma 1 if f , ḟ ∈ L∞ and f belongs to Lp for some p ∈ [1 :∞), then f(t)→ 0 as t→∞.

Lemma 2 (Barbălate’s Lemma) if limt→∞
∫ t

0 f(τ)dτ exists and finite, and f(t) is uniformly

continuous function, then limt→∞ f(t)→ 0.
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2.5.1 Scalar Example with One Unknown Parameter

Consider the system described by the following algebraic equation:

y(t) = θu(t) (2.4)

where y(t) is the output, u ∈ L∞ is the scalar input, and θ is an unknown parameter. With

the assumption that u(t), y(t) are measured, it is desired to obtain an estimate of θ at each

time t. We are interested in online method to generate θ̂(t). A differential equation, which

depends on signals that are measured, whose solution is θ̂(t) and its equilibrium state is θe = θ

is looked-for. The method for developing such a differential equation is described next.

Using θ̂(t) as the estimate of θ(t) at time t, one can generate the estimated or predicted

value ŷ(t) of the output y(t) as:

ŷ(t) = θ̂(t)u(t) (2.5)

The estimation error e1, which reflects the parameter uncertainty, is formed as the discrepancy

between ŷ and y, i.e.,

e1 = y − ŷ = y − θ̂u(t) (2.6)

The prediction error, e1, is dependent on the parameter estimation error θ̃ , θ̂ − θ. This fact

becomes clear if one substitute (2.4) into (2.6), i.e.,

e1 = θu(t)− θ̂u(t) = −θ̃u(t) (2.7)

The differential equation that generate θ̂(t) can be developed by minimizing various cost criteria

of the prediction error e1 with respect to θ̂. For example, one can use the gradient or Newton’s

method to achieve this objective. For the purpose of illustration of this example, the following

simple cost criterion is considered,

J(θ̂) =
e2

1

2
=

(y − θ̂u)2

2
.

The function J(θ̂) is convex over < which indicate that any local minimum of J is also global

and satisfies OJ(θ̂) = 0. One can solve OJ(θ̂) = −(y − θ̂u)u = 0 for θ̂ and use the gradient

method to form the recursive scheme as:

˙̂
θ = −γOJ(θ̂) = γ(y − θ̂u)u = γe1u, θ̂(0) = θ̂0 (2.8)

where γ > 0 is a scaling constant, which is usually referred to as the adaptive gain.
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Figure 2.2: Block diagram shows the implementation of the scalar adaptive, (2.8).

The differential equation (2.8) is usually referred to as the update/adaptive law or the

estimator. In this thesis, we refer to (2.8) as the adaptive law for updating θ̂(t) or estimating

θ online. Figure 2.2 shows the implementation of the adaptive given in (2.8). The stability

properties of (2.8) are analyzed by rewriting the same equation in terms of the parameter error

(θ̃ = θ̂ − θ), as:
˙̃
θ =

˙̂
θ − θ̇ = γ e1 u− θ̇

Because e1 = θu− θ̂u = −θ̃u and θ is constant, one has:

˙̃
θ = −γu2θ̃, θ̃(0) = θ̂(0)− θ (2.9)

It should be emphasized that (2.9) is used only for analysis. This equation cannot be used to

generate θ̂(t) because given an initial estimate θ̂(0) of θ, the initial value θ̃(0) = θ̂(0)− θ, which

is required for implementing (2.9) is unknown due to the unknown θ.

We can analyze (2.9) by choosing the following Lyapunov function:

V (θ̃) =
θ̃2

2γ

The time derivative of V (θ̃) along the solution of (2.9) is given by:

V̇ =
θ̃T

˙̃
θ

γ
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After substitution of
˙̃
θ from (2.9), the last equation becomes:

V̇ = −u2θ̃2 = −e2
1 ≤ 0 (2.10)

This result implies that the equilibrium θ̃e = 0 of (2.9) is u.s.

Since no further information about u(t) is assumed other than u ∈ L∞, one cannot guar-

antee that V̇ < 0 (e.g., take u(t) = 0) and, therefore, cannot establish that θ̃e = 0 is a.s. or e.s.

One can, however, use the properties of V , V̇ to establish convergence for the estimation error

and other signals in (2.8). For example, because V ≥ 0 is a nonincreasing function of time, the

limt→∞ V (θ̃(t)) = V∞ exists. Therefore, from (2.10) one has:∫ ∞
0

e2
1(τ)dτ = −

∫ ∞
0

V̇ (τ)dτ = V0 − V∞

where V0 = V (θ̃(0)), which implies that e1 ∈ L2. From (2.8) and u ∈ L∞, it can be concluded

that
˙̂
θ ∈ L∞

⋂
L2. It is well known that a square integrable function may not have a limit,

let alone tend to zero with time, therefore, one cannot establish that e1(t),
˙̂
θ(t)→ 0 as t→∞

without satisfying additional conditions. However, if one assume that u̇ ∈ L∞, then it follows

that ė1 = − ˙̃
θu − θ̃u̇ ∈ L∞, therefore, from Lemma 2 one has e1(t) → 0 as t → ∞, which is

implied by e1 ∈ L2, ė1 ∈ L∞. This, in turn, leads to:

lim
t→∞

˙̃
θ(t) = lim

t→∞
˙̂
θ(t) = 0 (2.11)

It can be concluded from this analysis that, for any u, u̇ ∈ L∞, the adaptive law (2.8) guar-

antees that the estimated output ŷ(t) converges to the actual output y(t) and the speed of

adaptation, i.e., the rate of change of the parameters
˙̂
θ, decreases with time and converges to

zero asymptotically. However this does not mean θ̂(t) converges as t→∞.

2.5.2 Parameter Drift

Consider the same system describe in the example in subsection (2.5.1), but the system output

is now corrupted by an unknown bounded disturbance d(t), i.e.,

y = θu+ d

The adaptive law for estimating θ that was derived in the previous example for d(t) = 0 ∀ t ≥ 0

is given by:
˙̂
θ = γe1u, e1 = y − θ̂u (2.12)
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where γ > 0 and θ̂(t) is the online estimate of θ. In the previous example, it was shown that

for d(t) = 0 and u, u̇ ∈ L∞, (2.12) guarantees that θ̂, e1 ∈ L∞ and e1 → 0 as t→∞. Let us

now analyze (2.12) when d(t) 6= 0.

Substituting for θ̃ , θ̂ − θ into the prediction error equation, one obtains:

e1 = −θ̃u+ d

and,
˙̃
θ = −γu2θ̃ + γdu (2.13)

Now, we can analyze (2.13) by considering the following function:

V (θ̃) =
θ̃2

2γ
(2.14)

The time derivative of V (θ̃) along the trajectory of (2.13) is:

V̇ = −θ̃2u2 + dθ̃u

= − θ̃
2u2

2
− 1

2
(θ̃u− d)2 +

d2

2

(2.15)

For the class of input that is considered here, i.e., u ∈ L∞ one cannot conclude that θ̃ is

bounded from consideration of (2.14), (2.15), i.e., one cannot find a constant V0 > 0 such that

for V > V0, V̇ ≤ 0.

2.6 Fault Detection and Isolation

Fault detection and isolation (FDI) can be performed through either:

• Direct pattern recognition of sensor readings that can indicate a fault, or

• By analyzing the discrepancy between the sensor readings and expected values derived

from the system model.

For the latter case, the fault detection algorithm declares a fault if the discrepancy or residual

exceeds a certain threshold, after which the fault isolation algorithm subsequently categorizes

the type of fault and its location in the system.
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Model-based Fault Detection Approach

Model-based FDI can be defined as the detection, isolation and characterization of faults on

a system by means of methods which extract features from measured signals and use system

mathematical models. Faults are therefore detected by setting fixed or variable thresholds on

residual signals generated from the difference between actual measurements and their estimates

obtained by using the system model. The attention received by the model-based fault detection

algorithms has been on the rise for the past two decades. As such, a great variety of techniques

that relies on using mathematical models of the system under investigation can be found in the

literature. Model-based fault detection algorithms require accurate modeling of the behavior

of the monitored system, and any discrepancy in that model form the actual system behavior

may cause problems to the FDI scheme. As such, the modeling inaccuracy issue forms the core

of research that has been carried out on this topic in recent years. Modeling uncertainty arises

from the impossibility of obtaining complete knowledge and understanding of the monitored

process, as well as from the presence of noises on process measurements.

Keeping in mind that one of the goals of this research work is to develop and design a

model-based FDI algorithm for MRRs, the basic principles of model-based fault detection are

introduced below. Multiple different residuals can be designed to individually detect faults

occurring at various locations of a system. The analysis of each residual, upon exceeding of

threshold, subsequently leads to fault isolation. A general block diagram of the model-based

FDI system, comprising of two main stages that are residual generation and residual evaluation,

is depicted in Fig. 2.3. The two main blocks of this structure, widely accepted by the fault

diagnosis community, are described below:

• Residual generation block: this block generates residual signals, to indicate any fault oc-

currence, by using available inputs and outputs from the monitored system. It should

normally be zero or its proximity under no fault condition, but distinguishably different

from zero otherwise. It would imply that, under ideal conditions, the residual is character-

istically independent of process inputs and outputs. The method of computing residuals

is called residual generation, and is depicted in Fig. 2.3.

• Residual evaluation: This block evaluates the likelihood of fault occurrence by examining

the residuals and then applies decision rule to determine any faults occurrence. The

residual evaluation block, shown in Fig. 2.3, may perform a simple threshold test on the

instantaneous values or moving averages of the residuals, or it may consist of statistical

methods, like generalized likelihood ratio testing or sequential probability ratio testing,

for example.
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Figure 2.3: Structure of model-based FDI system.

Most of the work in the field of model-based FDI focuses on the residual generation problem,

because well-designed residuals makes the decision making process easy. Fault detection schemes

for MRRs can be devised by utilizing analytical redundancy techniques and exploiting the

integrated torque sensor. In this work, the system’s modularity will be exploited to derive a

strategy dependent only on a single joint model by eliminating the need for the motion state

of the other joint modules. The dynamic model for MRR with joint torque sensing is utilized

in the fault detection method.

2.7 Robotic Joint Friction Models

Friction, defined as a tangential reaction force between two surfaces in contact, is a force that

exists in all practical systems and mechanisms in varying magnitude. It results from complex

interactions between contacting surfaces at microscopic level. There are different types of

friction out of which the four most common ones are: dry friction 1, viscous friction 2, lubricated

1Dry friction is the resistance to relative lateral motion of two solid surfaces in contact.
2Viscous friction is the resistance of a fluid to flow. This resistance acts against the motion of any solid

object through the fluid and also against motion of the fluid itself past stationary obstacles. Viscosity also acts
internally on the fluid between slower and faster moving adjacent layers.

19



2.7. ROBOTIC JOINT FRICTION MODELS Chapter 2

friction 3, and skin friction 4. Describing friction from physical principles is challenging due

to its complex nature and therefore, Tribology, the science of interacting surfaces in relative

motion, is mostly based on empirical studies. Friction in robotic joints needs to be modeled

for control and fault detection purposes because precise modeling of it plays a critical role to

improve performance with respect to accuracy and control stability, see for e.g., (Mu et al.

2004; Kermani et al. 2007; Kim et al. 2009). It is also clear that friction contribute to the wear

down process of mechanical systems including robotic joints (Blau 2009). Therefore, friction

modeling also becomes a topic of interest for robot condition monitoring and fault detection,

see, e.g., (Ray and Remine 1998), (Vemuri and Polycarpou 2004), (McIntyre et al. 2005),

(Brambilla et al. 2008), and (Namvar and Aghili 2009).

A Robot joint contains interacting components such as gears, bearings, and shafts, all

rotating at different velocities and under different lubrication levels, and as such it is difficult to

separate and model friction at component level. A typical approach is to consider the aggregate

effects, as a “lumped” joint friction. Friction always opposes motion and in the process converts

kinetic energy into heat. Another outcome of friction is wear. Wear is defined as the progressive

loss of material from the operating surface of a body occurring as a result of relative motion at

its surface (Lansdown et al. 1987).

Friction presents a major challenge for precise control of robotic joints as well as model-based

fault detection designs. A precise friction model can improve both control accuracy and fault

detection capabilities of MRRs. In this section, the friction model used in both the multiple

working mode control of the MRR and the proposed fault detection scheme is described in

details.

2.7.1 Basics of Tribology

The most important friction characteristics for control and fault detection applications are

usually described by the so-called friction curve, which is a plot of friction levels as function

of joint velocity. In fact, the friction curve is usually plotted as a function of joint velocity

normalized by the ratio of load torques and lubricant viscosity. For simplicity however, it is

mostly expressed only as a function of joint velocity. An example of such a plot obtained from

experiments on a robot joint is depicted in Fig. 2.4. The nonlinear behavior from low to high

speeds for robotic joints is typical in lubricated friction and is known as the Stribeck effect.

This phenomenon have been first observed by Stribeck in 1902. The presence of lubricant in

the gearboxes (reduction mechanism, i.e, harmonic drive), bearings, and motor shaft causes

3Lubricated friction is a case of fluid friction where a fluid separates two solid surfaces (Hibbeler 2007).
4Skin friction is a component of drag, the force resisting the motion of a solid body through a fluid (Magill

1999).
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Figure 2.4: Friction curve and the lubrication regimes.

such a behavior in robot joints. Notice that the friction in the motor is dry. Lubricant acts as a

separation layer between moving surfaces and therefore could acts as a retarding agent to wear

process. By changing the chemical composition of lubricants through additives, the separation

layer can even be turned into a chemical barrier between the contact surfaces under high contact

pressure, thereby reducing low speed friction and wear. Different types of lubrication regimes

segregate the friction curves into three regions, namely the boundary lubrication (BL) 5, mixed

lubrication (ML) 6 and elasto-hydrodynamic lubrication (EHL) 7. The phenomenon present at

very low speeds (BL regime) is caused by the roughness of the surfaces in contact. The lubricant

layer between the surfaces increases with velocity while the contact friction decreases until it

reaches the full lubrication profile. In EHL regime, the surfaces are completely separated by the

lubricant. Friction in EHL region is governed by the lubricant properties like viscosity because

it is proportional to the force needed to shear the lubrication layer. The wear processes depend

upon contact friction: the more significant the contact friction is, the more significant the wear

processes are, i.e. in BL and ML regions. Although the full-film lubrication is theoretically

wear free but not perpetually, and wear process resumes after eventual breakdown of this layer.

Even the EHL region of the joint friction curve is prone to wear at component level because of

5Boundary lubrication: The bodies come into closer contact at their asperities; the heat developed by the
local pressures causes a condition which is called stick-slip and some asperities break off. Boundary lubrication
is also defined as that regime in which the load is carried by the surface asperities rather than by the lubricant.

6Mixed lubrication occurs between boundary and elasto-hydrodynamic lubrication, as the name would suggest.
The fluid film thickness is slightly greater than the surface roughness, so that there is very little asperity (high
point) contact, but the surfaces are still close enough together to affect each other.

7Elasto-hydrodynamic lubrication: The opposing surfaces are separated, but there occurs some interaction
between the raised solid features called asperities, and there is an elastic deformation on the contacting surface
enlarging the load-bearing area whereby the viscous resistance of the lubricant becomes capable of supporting
the load.
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the differences in their speed at opposing ends, i.e. the input and the output. Differences in

speed occur due to the high gear ratio of the gearboxes or harmonic drive transmissions used

in robots. This wear process and changes of lubrication properties are the main reasons behind

the change of friction parameters.

2.7.2 Friction Modeling

The use of empirical-observations based friction models is a norm because of the complexity

associated with modeling friction of robot joints. The empirical friction models have had a long

history of development and a detailed historical perspective regarding it is provided in (Dowson

1998). The surfaces’ asperities are analogous to bristles of a brush at contact level. Each of

these (stiff) bristles can be considered as a body in its entirety, having its own individual

dynamics similar to that of others in the bulk. Many teams have attempted modeling this

dynamic behaviour of friction, some examples of which are in (Hensen et al. 2002), (Harnoy

et al. 2008), (Freidovich et al. 2010), and (Zhong et al. 2011). A typical approach is to consider

all the dynamics into a single state as in (Dupont et al. 2002). One dynamic friction model

commonly used in robotics is the LuGre model, which for a revolute joint is given as:

Fri = P0z + P1ż + h(q̇i)

ż = q̇i − P0
|q̇i|
g(q̇i)

z
(2.16)

where the state z describes the average dynamic behavior of the asperities. It can be interpreted

as their average deflection, with stiffness P0 and damping P1. The dynamic friction model

requires the knowledge of z which is not a deterministic quantity. Therefore, the parameters

[P0, P1] describing the dynamical behaviour of friction are difficult to estimate. In practice,

considering only a static description of (2.16) is sufficient, which for constant velocities is

equivalent to:

Fri(q̇i) = g(q̇i)sign(q̇i) + h(q̇i) (2.17)

The static model is completely described by the g(.) and h(.) functions. In fact, (2.16) is a

simple extension of (2.17) with the incorporation of dynamics being the only difference.

The function h(q̇i) describes the friction in EHL region, where friction has a velocity

strengthening behavior. In the case of Newtonian fluids, friction is directly proportional to

the joint velocity. The viscous behavior of friction is then described by the relation:

h(q̇i) = Biq̇i (2.18)
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where Bi denotes the viscous friction coefficient.

The function g(q̇i) mathematically represents the friction behavior in the BL and ML regions

in which friction has a velocity weakening behavior. g(q̇i) is usually modeled using the Stribeck’s

observations, i.e., (Bo and Pavelescu 1982; Jacobson 2003; Woydt and Wäsche 2010), as:

g(q̇i) = Fci + Fsi exp(−| q̇i
q̇s
|αs) (2.19)

where Fci denotes the magnitude of the Coulomb friction related parameter at zero payload, Fsi

denotes the static friction related parameter, and αs is the exponent of the Stribeck nonlinearity.

The resulting static friction model is given by the equation:

Fri(q̇) , Biq̇i + (Fci + Fsi exp(−| q̇i
q̇s
|αs))sign(q̇i) (2.20)

which describes many of the friction characteristics as a function of joint velocity. The g(.) and

h(.) functions are not fixed and one has many different options to choose these functions. The

LuGre model can be also be rewritten as:

Fri(q̇) , Biq̇i + (Fci + Fsi exp(−Fτiq̇2
i ))sign(q̇i) (2.21)

where αs = 2 and Fτi = 1
q̇2s

is a positive parameter related to the Stribeck effect.

The LuGre model and the corresponding static model were simulated using g(.) and h(.)

functions, chosen according to (2.18) and (2.19), and the response is shown in Fig. 2.5. The

simulation was performed with q̇i as half a period of a triangular wave with different slopes

A. When accelerating, the transition from BL to EHL gives less friction torques than in

deceleration. The higher A, the more pronounced are the dynamic effects. The parameters are

chosen for illustration purposes with static parameters [Fci, Fsi, Bi, Fτi, αs] = [3, 5, 2, 100, 2] and

dynamic parameters [P0, P1] = [2600, 170].

In this thesis, the joint friction, Fri, is modeled such that it includes the same frictional

forces described by the LuGre model in equation (2.21); however, to reflect the friction de-

pendency on the payload, the friction is assumed to be function of the joint velocity and the

payload that is measured by the integrated joint torque sensor (Hamon et al. 2010).

Fri(q̇i, τsi) = Biq̇i + (gl(τsi)Fci + Fsie
−Fτiq̇2i )sign(q̇i) (2.22)

The function gl(τsi) is defined as follows,

gl(τsi) , 1 + g1 | τsi | +g2 | τsi |2 (2.23)
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Figure 2.5: LuGre model simulation with different acceleration.

where g1 and g2 are positive numbers used to emulate the payload-dependent Coulomb friction

effect. The payload dependent friction is modeled in quadratic form to better preserve the

problem nature (Zhu et al. 2007).

In order to implement the active mode of the multiple working mode control and the pro-

posed fault detection scheme that adaptively updates the joint friction parameters, it is first

necessary to linearize the nonlinear friction model around the nominal values of the friction

parameters similarly as in (Liu et al. 2004)

Fsie
−Fτiq̇2i ∼= F̂sie

−F̂τiq̇2i − F̃sie−F̂τiq̇
2
i + F̂sie

−F̂τiq̇2i q̇2
i F̃τi (2.24)

where B̂i, F̂ci, F̂si, F̂τi denote the nominal values of their respective parameters and the para-

metric model uncertainty is defined as F̃i = F̂i − Fi; therefore,

Fsie
−Fτiq̇2i ∼= Fsie

−F̂τiq̇2i − FτiF̂siq̇2
i e
−F̂τiq̇2i + F̂siF̂τiq̇

2
i e
−F̂τiq̇2i (2.25)

Substituting the “linearized” term Fsie
−Fτiq̇2i of (2.25) into the friction model (2.22) yields:

Fri(q̇i, τsi) = Biq̇i + (gl(τsi)Fci + Fsie
−F̂τiq̇2i q̇2

i e
−F̂τi−FτiF̂siq̇2i )sign(q̇i)

+ Φisign(q̇i)
(2.26)

where Φi = F̂siF̂τiq̇
2
i e
−F̂τiq̇2i .

The friction model can be written in a compact form as:

Fri(q̇i, τsi) = Yi(q̇i, τsi)θi + Φisign(q̇i) (2.27)
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where Yi(q̇i, τsi) ∈ <1×4 denotes a known vector whose elements are functions of q̇i(t) and

τsi(t); θi ∈ <4 contains the uncertain friction parameters.

θi = [Bi Fci Fsi Fτi]
T

Yi(q̇i, τsi) =
[
q̇i gl(τsi)sign(q̇i) e−F̂τiq̇

2
i sign(q̇i) − F̂siq̇2

i e
−F̂τiq̇2i sign(q̇i)

]
(2.28)

Remark 3 The joint friction model parameters θi, defined in (2.27), are not accurately known.

However, their nominal values θ̂i are determined off-line as constants and are assumed to be

close to their actual values.

2.8 Concluding Remarks

This chapter presented an overview of the diagnosis process. The preliminary concepts of

system diagnosis, with special emphasis on the principles of the model-based FDI, are presented.

The documented contents focused on describing different concepts related to FDI, with special

attention given to methods that are relevant to the proposed fault detection scheme for MRRs.

The chapter also introduced friction from both empirical and phenomenological perspectives.

Friction depends upon the load and load changes are inevitable not just due to the payloads

carried by the robot end-effector but also because of the links of the robot itself. The friction

models presented in this chapter take into consideration the dependency of joint friction on

both the velocity and the load. These models are crucial not just for designing control laws for

MRR but also for detecting its faults.
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Chapter 3

Multiple Working Mode Control

Design

3.1 Introduction

A mobile robot manipulator offering a single working mode may not be appropriate to operate

in unstructured environments, and therefore having multiple working modes become a valuable

feature. For example, for opening a general door, active mode is necessary for the manipulator

to approach the door knob. After the gripper gets hold of the knob, some form of passivity is

desirable for the manipulator to prevent the occurrence of large internal forces. The working

modes of the MRR joint modules are categorized in two types: passive mode and active mode.

The passive mode refers to the mode in which a joint rotates freely with friction compensation.

The active mode refers to the mode in which a joint module is working under a selected motion or

force control. The decision regarding the selection of active mode is based on task requirements.

3.2 Dynamic Model of Modular and Reconfigurable Robots

with Joint Torque Sensing

For the research work documented in this thesis, modular and reconfigurable robots comprising

of n modules are considered. Each module is integrated with a rotary joint along with a speed

reducer and a torque sensor as illustrated in Fig. 3.1.

The following notations are used in the dynamic model:

Imi : rotor moment of inertia about the axis of rotation;

γi : reduction ratio of the speed reducer;
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Figure 3.1: Schematic diagram of a joint module.

qi : joint angle;

τsi : coupling torque at the torque sensor location;

τi : output torque of the rotor;

zmi : unit vector along the axis of rotation of the ith rotor;

zi : unit vector along the axis of rotation of the ith joint; and

Fri(q̇i, τsi) : joint friction which is assumed to be function of the joint velocity and the joint

load.

The dynamic model of each joint of the modular and reconfigurable robot that was previously

formulated in (Liu et al. 2008b) is given by:

For the base module, i = 1,

Im1γ1q̈1 + Fr1(q̇1, τs1) + γ−1
1 τs1 = τ1 (3.1)

For the second module from the base, i = 2,

Im2γ2q̈2 + Fr2(q̇2, τs2) + Im2z
T
m2z1q̈1 + γ−1

2 τs2 = τ2 (3.2)

For i ≥ 3,

Imiγiq̈i + Imi

i−1∑
j=1

zTmizj q̈j + Fri(q̇i, τsi) + Imi

i−1∑
j=2

j−1∑
k=1

zTmi(zk × zj)q̇kq̇j

+ γ−1
i τsi = τi

(3.3)
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The dynamical equation of the ith joint module can be rewritten as:

Miq̈i(t) + δi(t) + Yi(q̇i(t), τsi(t))θi + Φi(q̇i(t))sign(q̇i(t)) + γ−1
i τsi(t) = τi(t) (3.4)

where, Yi(q̇i(t), τsi(t)), θi, Φi(q̇i(t)) have been defined in 2.27, and Mi = Imiγi. The term

δi(t) ∈ < comprises of coupling effects between lower i− 1 joints and the ith joint, given by:

δi(t) =


0 for i = 1

Im2z
T
m2z1q̈1(t) for i = 2

Imi
i−1∑
j=2

j−1∑
k=1

zTmi(zk × zj)q̇k(t)q̇j(t) + Imi
i−1∑
j=1

zTmizj q̈j(t) for i ≥ 3

(3.5)

Note that the coupling term δi(t) comprises of only the ith joint motor dynamics as the links

dynamics are captured by the integrated joint torque sensor.

3.3 Passive Working Mode

The key to implement passive working mode is the compensation of the joint friction. If friction

is compensated, the output shaft of the joint can be moved freely. Based on the motion trend

and the angular velocity of the passive joint, a feedforward torque is applied to compensate the

joint friction. This proposed passive mode does not require a mechanical clutch to separate the

output shaft from the actuator. Since, the actuation chain is never disconnected; the joint can

be switched back to active working mode any time at any position without the need to recover

from a disconnection.

For the proposed implementation of passive working mode, the requirement for friction

compensation is fundamentally different from that for precise tracking control. In order for the

joint to work in a passive mode, the joint friction only needs to be compensated such that a

small external torque can rotate the joint. In other words, the uncompensated friction should be

much smaller compared to the magnitude of the external torque. As shown in Fig. 3.2, friction

can be separated into two parts: a constant part and a variable part, and the magnitude of

the constant friction part often dominate the overall magnitude of the total friction at low

speeds. The constant part of friction is less than the static friction fsi and has the same sign

as fsi. The sign is determined by the trend of the relative movement or from the torque sensor

measurement. With the assumption that the friction dependency on payload is negligible in
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Figure 3.2: Plots of the friction model shows the constant part of the friction.

passive working mode, the friction model given in (2.21) can be used.

Fri , Biq̇i + (Fci + Fsi exp(−Fτiq̇2
i ))sign(q̇i) (3.6)

It should be noted that the motion trend of each joint is usually known or predicable in practical

applications and the joint angle and angular speeds are normally measurable. The motion

direction of each passive joint is also achievable with the torque sensor measurement. On the

basis of motion trend and angular velocity of the passive joint, a feedforward torque can be

applied to compensate the friction and enable joint operation in passive mode as follows:

τi = Fmisign(q̇i), i = 1, ...n (3.7)

where Fmi denotes the constant part of the friction, which is less than the static friction Fsi

and its magnitude normally dominates the overall magnitude of the total friction at low speed.

The friction can be substantially compensated by using the feedforward torque shown in (3.7).

Experimental Validation

The proposed passive working mode control has been tested experimentally using the base joint

of MRR. The currents for compensation are: −1.5A for the positive direction and +1.2A for the

negative direction. The external torques required to rotate the MRR joint in the passive mode

in two different directions, with and without friction compensation, were measured and given in

Table 3.1. As can be observed from Table 3.1, the simple friction compensation can significantly

reduce the required external torque needed to rotate the joint by 79% in the positive direction

and 84% in the negative direction. Such results are adequate for many applications. Friction

30



Chapter 3 3.4. ACTIVE MODE

Table 3.1: External torque for MRR joint in passive mode.

Rotate Direction Positive(0 360 deg) Negative (0 -360 deg)

Torque without compensation (a) 36.3 Nm 36.2 Nm

Torque with compensation (b) 7.6 Nm 5.7 Nm

Ratio (b/a) 21% 16%

compensation using a more complete friction model or the torque sensor feedback can further

reduce the friction if necessary.

3.4 Active Working Mode

With the growing interest in modular and reconfigurable robots, more and more efforts are

being made in analysis, modeling, and control of MRRs (Wang et al. 2009), (Liu et al. 2011).

For the MRR used to carry out this research, a distributed control method, based on joint

torque sensing, was proposed in (Liu et al. 2008a) to control joint modules working under

active mode. The control algorithm is comprehended below as a reference.

The joint friction Fri given in (2.26) can be rewritten in the following form:

Fri(qi, q̇i) = B̂iq̇i + (gl(τsi)F̂ci + F̂si exp(−F̂τiq̇2
i ))sign(q̇i) + Fqi(qi, q̇i)− Yi(q̇i, τsi)F̃i (3.8)

where Bi, Fci, Fsi, and Fτi have the same implications as those in (3.6), Yi(q̇i, τsi) is defined in

(2.27), and Fqi(qi, q̇i) represents the position dependency of friction and other friction modeling

errors. F̃i is defined as:

F̃i =
[
B̂i −Bi F̂ci − Fci F̂si − Fsi F̂τi − Fτi

]T
(3.9)

The nonparametric friction term Fqi(qi, q̇i) is bounded as:

Fqi(qi, q̇i) < ρifq (3.10)

where ρifq is a known bound.
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3.4.1 Control Design

Let the overall control for each joint be defined by:

τi =
τsi
γi

+ ui, i = 1, 2, ..., n (3.11)

where, ui is the ith joint’s new control input to be designed.

For the first joint, combining (3.11) with (3.1) yields:

Im1γ1q̈1 + Fr1(q1, q̇1) = u1 (3.12)

For the second joint, combining (3.11) with (3.2) yields:

Im2γ2q̈2 + Fr2(q2, q̇2) + Im2z
T
m2z1q̈1 = u2 (3.13)

For i ≥ 3, substituting (3.11) with (3.3) yields:

Imiγiq̈i + Fri(qi, q̇i) + Imi

i−1∑
j=1

zTmizj q̈j +

i−1∑
j=2

j−1∑
k=1

zTmi(zk × zj)q̇kq̇j = ui (3.14)

First, the following system errors are defined,

ei , qi − qid (3.15)

ri , ėi + λiei (3.16)

ai , q̈id − 2λiėi − λ2
i ei (3.17)

where λi is a positive constant. The following two properties are worth noting for control law

design.

Property 1 Since zmi and zi are unit vectors along the direction of rotation of the ith rotor

and joint, the resulting vector products are bounded as:

|zTmizj | ≤ 1 |zTmi(zk × zj)| ≤ 1

Property 2 The velocity and acceleration of a stabilized joint is bounded, i.e., if the ith joint
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is stabilized, then it implies that:

|q̇i| ≤ ρvi |q̈i| ≤ ρai

where ρvi and ρai are known constant bounds.

Similar to (Liu et al. 2008a), the parametric uncertainty F̃i can be decomposed as:

F̃i = F̃ ic + F̃ iv (3.18)

where F̃ ic is a constant unknown vector, and F̃ iv is the variable parametric model uncertainty

having the upper bound as defined in (3.19).

|F̃ iv| < ρifv (3.19)

It is well known that an adaptive compensator can be designed to compensate for the constant

parametric uncertainty F̃ ic and a robust compensator can be designed for the variable part F̃ iv.

By applying the decomposition-based control design approach developed in (Liu et al. 1996),

(Liu 2002), the following control input is designed for stabilizing the first joint.

u1 = Im1γ1a1 + B̂1q̇1 + (F̂c1 + F̂s1 exp(F̂τ1q̇
2
1))sign(q̇1) + u1

u + Yi(q̇1, τs1)(u1
pc + u1

pv) (3.20)

where u1
u, u1

pc, u
1
pv are designed to compensate for the nonparametric uncertainty Fqi(q, q̇),

constant parametric uncertainty F̃ ic , and variable parametric uncertainty F̃ iv, respectively. The

compensators uiu, uipv, and uipc are defined as in (Liu et al. 2008a).

uiu =

 −ρ
i
fq

ri
|ri| , |ri| > εiu

−ρifq
ri
|εiu|

, |ri| ≤ εiu
(3.21)

uipc = −k1

∫ t

0
Yi(q̇i, τsi)

T ri dτ (3.22)

uipv =

 −ρ
i
fv

ςi

|ςi| , |ς
i| > εip

−ρifv
ςi

|εip|
, |ς i| ≤ εip

(3.23)

where ς i = Yi(q̇i, τsi)
T ri. ε

i
u, εip are positive control parameters.
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The coupling term Imi
∑i−1

j=1 z
T
mizj q̈j in (3.2) can also be rewritten as:

Imi

i−1∑
j=1

zTmizj q̈j =
i−1∑
j=1

[
Imiθ̂

i
j Imi

] q̈j

θ̃ij q̈j


,

i−1∑
j=1

IijD
i
j

(3.24)

where θ̂ij denotes the dot product of the unit vectors zmi and zj , and θ̃ij is the alignment error

given by the difference in dot products of the nominal and actual direction vectors. Considering

the variable parametric uncertainty in the coupling term Imi
∑i−1

j=1 z
T
mizj q̈j , D

i
j in (3.24) can be

decomposed into a constant plus a bounded variable term as:

Di
j = Di

jc +Di
jv (3.25)

and the variable term is bounded as:

|Di
jv| ≤ ρijd (3.26)

Similar to (Liu et al. 2008a), an adaptive compensator uijc and a robust compensator uijv are

designed respectively for the constant uncertainty term Di
jc and for the variable term Di

jv, as

follows:

uijc = −k2

∫ t

0
Iij
T
ridτ (3.27)

uijv =


−ρijd

σij
|σij |

, |σij | > εid

−ρijd
σij
|εid|
, |σij | ≤ εid

(3.28)

where σij = Iij
T
ri, and εid is a positive control parameter.

The coupling term Imi
∑i−1

j=2

∑j−1
k=1 z

T
mi(zk × zj)q̇kq̇j present in the dynamic model of the

ith joint (3.2) can also be rewritten as:

Imi

i−1∑
j=2

j−1∑
k=1

zTmi(zk × zj)q̇kq̇j =

i−1∑
j=2

j−1∑
k=1

[
ImiΘ̂

i
kj Imi

] [ q̇kq̇j

Θ̃i
kj q̇kq̇j

]

,
i−1∑
j=2

j−1∑
k=1

J ikjP
i
kj

(3.29)
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where the term P ikj can be decomposed as:

P ikj = P ikjc + P ikjv (3.30)

and the variable term P ikjv is bounded by:

|P ikjv| ≤ ρkvρjv (3.31)

By applying decomposition-based control design technique, an adaptive compensator V i
kjc is

designed for the constant uncertainty term P ikjc and a robust compensator V i
kjv is designed for

the variable part P ikjv similar to (Liu et al. 2008a). The terms V i
kjc and V i

kjv are defined as:

V i
kjc = −k3

∫ t

0
J ikj

T
ridτ (3.32)

V i
kjv =


−ρkvρjv

βikj
|βikj |

, |βikj | > εiv

−ρkvρjv
βikj
|εipi|

, |βikj | ≤ εiv
(3.33)

where βikj = J ikj
T

and εiv is a positive control parameter. The control law (3.20) ensures the

stability of first joint, which in turn guarantees the boundedness of the tracking errors, and

therefore, the boundedness of the magnitudes of q̇1 and q̈1. Since q̈1 is bounded, a saturation-

based robust compensator can be used to compensate for the effects of q̈1. Therefore, the

control input u2, given below, for the second joint would be given by the control law derived in

(Liu 2002) with an additional term I2
1 (u2

1c + u2
1v) to compensate for the effects of q̈1.

u2 = Im2γ2a2 + B̂2q̇2 + (F̂c2 + F̂s2 exp(F̂τ2q̇
2
2))sign(q̇2)

+ u2
u + I2

1 (u2
1c + u2

1v) + Yi(q̇2, τs2)(u2
pc + u2

pv)
(3.34)

Similarly, the control input ui for the ith joint is given by following expression:

ui = Imiγiai + B̂iq̇i + (F̂ci + F̂si exp(F̂τi q̇
2
i ))sign(q̇i) + uiu + Yi(q̇i, τsi)(u

i
pc + uipv)

+

i−1∑
j=1

Iij(u
i
jc + uijv) +

i−1∑
j=2

j−1∑
k=1

J ikj(V
i
kjc + V i

kjv)
(3.35)

The last two terms in (3.35) are the compensators for the velocities and accelerations of the

lower joints. It has been proved in (Liu et al. 2008a) that the tracking error is uniformly

bounded under the control law defined by (3.11), (3.20), (3.34), and (3.35).

35



3.4. ACTIVE MODE Chapter 3

Figure 3.3: 3-DOF modular and reconfigurable robot.

3.4.2 Active Working Mode Experimental Results

The active working mode was implemented on a 3-DOF, revolute MRR shown in Fig. 3.3 the

dynamics of which are described by Equations (3.1) to (3.3). The dynamic model’s parameters,

measured in SI units in the joint space, are listed in Table 3.2. While the friction model

parameters were determined experimentally, the rotor inertia and harmonic drive’s reduction

ratio of each joint were obtained from manufacturer’s specification sheet. Both, the reference

and measured position trajectories of the three joint are depicted in Fig. 3.4. The tracking

errors at the three joints are shown in Fig. 3.5. The commanded torque at the three joints are

shown in Fig. 3.7 and the torque sensor measurements are shown in Fig. 3.6.
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(a) Joint 1

(b) Joint 2

(c) Joint 3

Figure 3.4: Position tracking for the 3-DOF MRR.
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(a) Joint 1

(b) Joint 2

(c) Joint 3

Figure 3.5: Position tracking errors for the 3-DOF MRR.
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(a) Joint 1

(b) Joint 2

(c) Joint 3

Figure 3.6: Torque sensor readings for the 3-DOF MRR.
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(a) Joint 1

(b) Joint 2

(c) Joint 3

Figure 3.7: Torque commands for the 3-DOF MRR.
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Table 3.2: Physical parameters of the 3-DOF MRR.

Parameter Joint 1 Joint 2 Joint 3

Datasheet-based parameters

Rotor inertia (kg-m2) 0.168× 10−4 0.168× 10−4 0.168× 10−4

Gear ratio 101 101 101

Experimentally identified friction parameters

Viscous friction coefficient (Nms/rad) 0.24 0.12 0.1

Static friction parameter (Nm) 0.0324 0.0152 0.0143

Coulomb friction parameter (Nm) 0.025 0.015 0.0124

Stribeck effect parameter (Nm) 85 100 90

g1 5.1 4.9 5.2

g2 0.65 0.6 0.8

3.5 Concluding Remarks

This chapter described the multiple working mode control design concepts which form the

backbone of the door opening strategy proposed in this thesis. The working modes that were

utilized in this research are: passive and active working modes. However, the multiple working

mode control is not limited to these two working modes only. Different control strategies can be

formulated and implemented to add more working modes as desired; for example, compliance

control or teleoperated mode. The passive and active working modes were described in details

and experimental result were presented.
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Chapter 4

Multiple Working Mode Control of

Door Opening with a Mobile

Modular and Reconfigurable Robot

4.1 Introduction

Modern robot applications, including mobile manipulation, have far higher performance de-

mands than those of assembly and repetitive tasks. Mobile manipulators become more useful

when they perform tasks that are of secondary nature to humans, such as door opening. Hu-

mans can readily tell a door’s opening direction and then apply appropriate force to open the

door. In doing so, they instinctively use vision, memory, and/or trial-and-error to quickly es-

timate the radius of the door and the position of the hinge. The human brain processes the

gathered information to help determine the correct direction of the force application. Robot

manipulators, however, are not gifted with all the senses that humans have been by nature.

Performing the same tasks with mobile robot manipulators is quite challenging and usually

requires sophisticated control and/or mechanical designs for adequate performance.

One of the fundamental requirements for successfully opening a door with a mobile manip-

ulator is the proper handling of the interaction between the manipulator and the door. The

interaction forces sensed at the robot’s end-effector are of concern. Because of the inevitable

position errors of the mobile base, large internal forces can be generated. Excessive internal

forces are undesirable, as they may cause the task to fail or may even cause damage to the

hardware.

Conventional robot manipulators use position control and need specific programming that is

tailored to precise requirements of a task, with poor adaptability to changes in the environment
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and great sensitivity to modeling errors. In addition, precise path or trajectory planning for

robot manipulators requires accurate kinematics modeling, which is not always possible for a

mobile manipulator. Introduction of force-feedback control in robot manipulators gives advan-

tages of versatility and adaptability but has its own problems when implemented in real time.

Since force sensors detect external forces by amplifying the strain of strain gauges, signal noise

is also amplified. High-frequency noise can be reduced by using low-pass filters; however, the

frequency band of force sensing becomes very narrow (Katsura et al. 2007). Filtering the force

signal also adds an unacceptable lag. Therefore, stability problems and severe performance

degradation may result.

To handle the problem of excessive internal forces, existing literature has focused on the use

of compliance control and multi-tactile sensors. Some researchers chose to explore new designs

of compliant mechanisms that lead to a robotic system dedicated to the door opening task

(Kobayashi et al. 2008), (Lawrence and Erik 2008). For the door opening task, active working

mode is required for the manipulator to approach and grasp the door knob. During the door

opening process, some form of passivity is desirable to prevent the occurrence of large internal

forces.

The focus of this research work is to pull a door knob to open a door. Unlike existing

methods, the proposed work presents a new approach to the door opening problem in the sense

that it does not require complicated compliance control design or any special mechanical design

of the robot end-effector. The proposed approach relies on the multiple working modes of the

MRR joints to prevent the occurrence of large internal forces by choosing some joints to work in

passive mode. After grasping and rotating the door knob by the MRR, multiple working mode

control is used to slightly open the door by only moving the MRR. While in this process, the

initial position of the mobile base and the door parameters are estimated using the proposed

parameter estimation method. These estimated parameters are then used for planning a safe

path of the mobile base. Afterwards, the mobile base starts following the desired path while

the MRR is working under multiple working mode control to prevent the occurrence of large

internal forces.

4.2 Related Work

Research works reported in the literature of door opening control using a mobile robot manip-

ulator, mostly based on a combination of position and force control. Nagatani and Yuta (1994,

1995, 1996) proposed a strategy for opening doors that makes use of analytical description of

the door handle trajectory. In their research, with the assumption of the position and radius

of the door known, they applied the concept of action primitives to door opening. Each action
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primitive is equipped with an error adjustment mechanism to cope with accumulated position

errors of the mobile base. Niemeyer and Slotine (1997) proposed a control method of following

the path of least resistance to solve the problem of door opening, which does not require a kine-

matic model of the door but needs high-resolution joint velocity measurement. Petersson, et al.

(2000) proposed a high-level control approach that uses off-the-shelf algorithms for force/torque

control for door opening tasks using mobile manipulators. Their results demonstrate that the

control design using hybrid dynamic system models can reduce error magnitudes considerably

during the door handle grasping task. Kragic, et al. (2002) demonstrated an intelligent control

architecture for finding the doorknob through visual servoing and then estimating the door

parameters. In their proposed method, they integrated vision and control system where the

objective is to provide information required to switch between control modes of different com-

plexity. Waarsing, et al. (2003) proposed a behaviour-based controller for door opening with a

mobile manipulator. The key for realizing such a behaviour-based controller is the cooperation

among the mobile manipulator sub-systems, that is, the locomotion and the manipulator con-

trol system. Chung, et al. (2009) designed a multi-fingered robotic hand for an indoor service

robot PSR1. In that work, active sensing algorithms are proposed to reduce the effect of uncer-

tainties in the environment. Fingertip tactile sensors are used for estimating the contact force

and the contact position. The computed contact force is used to carry out compliance control

of the door opening process. Kim, et al. (2004) developed a special mobile manipulator called

Hombot for opening a door. Hombot is equipped with an anthropomorphous arm with a dou-

ble active universal joint (DAUJ) to guarantee a compact size of the manipulator. Compliant

control is used for the relaxation of the end-effector to successfully accomplish the door opening

task. Brooks, et al. (2004) developed a mobile robot manipulator system called CARDEA to

push open doors. It relies on behavior and sensorimotor control where behaviors of the robot

here refer to actions like following a corridor, or approaching a door. CARDEA uses a SEG-

WAY base mechanism for locomotion equipped with a 15-DOF robotic arm. The robotic arm

is designed for an unstructured environment and comprises of a series of elastic actuators to

analyze the response of behavior-based methods and dexterous manipulation. Through virtual

spring models, human-like response was obtained and the results were experimentally verified.

However, this robot is capable of opening ajar doors only, as it is not designed for grasping

and turning the door handle or knob. Klingbeil, et al. (2008) developed a vision-based learn-

ing algorithm capable of opening various types of doors without prior knowledge of the door

parameters. Kobayashi, et al. (2008) have been developing a series of rescue robots named

UMRS (Utility Mobile Robots for Search) since the Great Hanshin-Awaji earthquake in 1995.

In their recent version, they implemented a door opening system using compliant mechanisms.

To the best of our knowledge, the reported works are all based on mobile manipulators
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equipped with conventional robotic arms working only in active mode. As a result, compliance

control approaches involving force/position control algorithms are demanded to reduce the

effects of the internal forces at the end-effector resulting from the interaction with the door.

A modular and reconfigurable robot has been developed in house at the Systems and Control

laboratory that has joint modules supporting multiple working modes, specifically the active

and passive working modes (Liu et al. 2008). By carefully choosing when and which joint

module should be switched between these two working modes, the problem of door opening

is addressed in this thesis without the need for compliance control and with less sensory and

computational complexity.

4.3 Problem Formulation

The focus of this research work is on the door opening and we assume that the reaching/grasping

task has been accomplished. The robot end-effector is constrained to move along the circular

trajectory of the door knob throughout the door opening task. When using conventional robots

with joints capable of working only in active mode, the occurrence of large internal forces is

inevitable due to the position and modeling errors. Compliant control algorithms are therefore

a requirement for door opening tasks, but they come at complexity and computational burden.

A planar model of the door opening process is depicted in Fig. 4.1. The door knob motion is

assumed to follow an arc trajectory in the x−y plane with a center of rotation at (x0, y0) and a

radius r. With the assumption that the gripper holds the door knob firmly, the knob’s position

forms the gripper’s trajectory during door opening process. The following relation has to hold

at all times:

r2 = (x− x0)2 + (y − y0)2

With the robot supporting only active working mode, the methods for control during the de-

scribed door opening task may be summarized as follows. Assuming that the absolute path

of the door knob is accurately known, one approach is to command the robot to follow the

door knob path using a standard position or trajectory controller. This is perhaps the most

impractical approach as small position errors of the mobile manipulator may create large in-

ternal forces. An alternate approach is to include the door mechanism into the full dynamic

model of the manipulator as an over-actuated closed kinematic chain (Li and Slotine 1989),

and then use the extra motors to control the internal forces. While theoretically justifiable,

this again is intolerant of kinematic modeling errors. To deal with the problem of large internal

forces, complicated control techniques such as compliant motion control or predictive control

are studied to relax the internal forces (Jain and Kemp 2010). These control techniques are
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Figure 4.1: A planar model of door opening.

based on force-feedback control and usually have a slow response and a high computational

cost.

We propose a new approach to the door opening problem that is based on the framework

of multiple working mode control proposed in (Liu et al. 2008), (Ahmad and Liu 2010). The

multiple working mode control is used to prevent the occurrence of large internal forces by

switching between active and passive working modes.

4.4 Description of the Mobile MRR

4.4.1 Modular and Reconfigurable Robot

Four MRR modules plus a gripper, providing a total of five degrees of freedom, have been

developed locally at Systems and Control laboratory. The MRR has been successfully integrated

with a mobile platform to experimentally validate the theoretical developments of this research

on mobile MRRs. A picture of the MRR is shown in Fig. 4.2. Each joint module consists of

a brushless DC motor, an encoder, a braking system, homing and limit sensors, a harmonic

drive with an integrated torque sensor, and an amplifier. A six-axis force sensor is mounted on

the MRR wrist module. Multiple working modes are implemented on each joint module; each

module can, therefore, independently work in active mode with position or force control, or

passive mode with friction compensation. By sending commands to the DSP card embedded,

the corresponding joint module can be switched online to work in either the active or the passive

mode. The MRR wrist is developed based on the 2-DOF double active universal joint (DAUJ)
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Figure 4.2: 5-DOF Mobile modular and reconfigurable robot.

mechanism (Ryew and Choi 2001). The motion range of each MRR module is as follows: joint 1:

±180◦, joints 2 and 3: ±120◦, DAUJ (Wrist): ±30◦ pitch and yaw.

4.4.2 Locomotion Base

The locomotion system shown in Fig. 4.2 is based on the PowerBot Automated Guided Ve-

hicle (AGV) from MobileRobots Inc. PowerBot has multiple sensors including a SICK laser

rangefinder, a Bumblebee2 stereovision camera with a Pan-Tilt, two arrays of sonar sensors,

and bumper sensors. The PowerBot is also equipped with a full-sized onboard PC used for the

control of the mobile MRR. The robot platform is managed by an onboard microcontroller as

well as mobile-robot server software, and consists of a balanced-drive system (two-wheel differ-

ential with balancing casters), motor-control and drive electronics, and high resolution motion

encoders.

4.5 Door Opening

In the proposed door opening method, after the MRR has grasped and rotated the door knob,

multiple working mode control is used to slightly open the door using only the MRR. During
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this process, the initial position of the mobile base, the door radius, and the height of the

doorknob are estimated using the proposed parameter estimation algorithm. These estimated

parameters are then used for planning the path of the mobile base that will allow opening

the door to the desired angle. Finally, the multiple working mode control approach is used to

control the MRR to complete the door opening process while preventing the occurrence of large

internal forces.

The rest of this section is organized as follows: the first subsection describes the proposed

door opening method, followed by a subsection that covers estimation of the door parameters,

and the path planning of the mobile base is presented in the last subsection.

4.5.1 Door Opening Method

The door opening method is proposed with the following assumptions: i) the door axis of

rotation is perpendicular to the floor, i.e., the door knob moves in the horizontal x − y plane;

this assumption always holds true unless a catastrophe like an earthquake has wrecked the

architecture, a scenario beyond the scope of this thesis; ii) the mobile base travels on almost

flat ground, which can always be satisfied for a structured indoor environment; iii) the axis

of rotation of the first MRR module (turret) is perpendicular to the ground, which can be

guaranteed by the mechanical design. The basic idea of the proposed door opening method

is to utilize the multiple working modes of the MRR joint modules, to allow the door motion

to guide the motion of the MRR, so as to avoid the generation of large internal forces. That

is achieved by setting the axis of rotation of two joint modules parallel to the door hinge,

then switching these joints to work in passive mode during the door opening process. How

to set a joint in the passive working mode will be briefed later in subsection (4.5.2). For the

aforementioned MRR, the axis of rotation of the first joint and that of the fourth joint, part of

the DAUJ, are parallel to the door hinge in the nominal case. To make the axis of rotation of the

fourth joint parallel to the door hinge, the second and third joints are set to their desired angles,

which will be detailed in the door parameters estimation subsection. The 2-DOF motions of

the DAUJ are coupled and cannot be set to work in passive mode independently, thus the fifth

joint is also set in passive mode. The passivity of the 2-DOF DAUJ can compensate for any

uncertainty in the active joint positions and/or any misalignment of the axes of rotation of the

passive joints and that of the door. The passive joints act like free joints that are passively

controlled by the coupling forces of the manipulator, thus their motion during the door opening

process is directed by the motion of the door itself. The proposed door opening method can

prevent the occurrence of internal forces, as the passive joints can absorb the position errors of

the mobile manipulator while following the trajectory of the door knob. The movement of the
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mobile base along the planned trajectory generates the needed force for pulling the door open.

The proposed door opening method is summarized as follows:

1. Grasp the door knob;

2. Estimate the door parameters and the initial position of mobile base as described in the

door parameters estimation subsection;

3. Calculate the desired path of the mobile base using the estimated parameters;

4. Switch the first joint J1 and the DAUJ J4 and J5 to work in passive mode;

5. Command the second and third joints to their desired angles calculated from the param-

eter estimation algorithm; and

6. Move the robot base along the predefined trajectory to pull the door open.

A comparison between the traditional methods and the proposed method is shown in Fig. 4.3.

The proposed method utilizes multiple working modes feature of the MRR joint modules. It

does not require computationally heavy force relaxation algorithms. On the same basis, there is

no need for tactile sensors at the gripper fingertips or any special mechanical design to perform

the door opening task. In addition, the MRR configuration stays almost unchanged, as only

the passive joints are moving throughout the door opening task. This minimizes the power

consumption, which is especially important because the robot arm is running on the mobile

base batteries.

4.5.2 Door Parameters Estimation

The mobile base motion during the door opening process has to be planned such that all joints

move within their mechanical limits. In order to plan a safe path for the mobile base, the

door parameters as well as the mobile base initial position, (x1, y1), have to be estimated. The

parameters needed to complete the door opening task are the door radius, r, and the knob

height with respect to the base of the MRR, h. Here, we employ the method of least squares

estimation to solve this problem. The idea is to estimate the door parameters and the initial

mobile base position by using a recorded motion of the MRR end-effector. Fig. 4.4 shows the

initial configuration of the mobile MRR, where Ji denotes the ith joint. The origin of the

reference frame {G} is set at the intersection point of the door hinge and the horizontal plane

that crosses the origin of the reference frame of the MRR {O}. After the MRR end-effector has

firmly grasped the door knob, we then, in the estimation process, apply a small torque only to

the 2nd joint to slightly open the door. At the same time, all other joints are set in the passive
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(a) Traditional method

(b) Proposed method

Figure 4.3: Comparison between traditional and proposed door opening method.
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Figure 4.4: Initial configuration of the mobile MRR.

working mode. The MRR end-effector positions are recorded during this process. The saved

data are then used to estimate the unknown door parameters as well as the current position

of the mobile base. Let (xe, ye, ze) denote the tip position of the end-effector in the reference

frame, li denote the length of the ith link, θi denote the rotation angle of the ith joint, Ci(t),

Si(t), Cij(t), Sij(t) denote cos(θi(t)), sin(θi(t)), cos(θi(t)+θj(t)), sin(θi(t)+θj(t)), respectively.

From Fig. 4.4, with respect to the door radius, r we have:

x2
e(t) + y2

e(t) = r2 (4.1)

ze(t) = h (4.2)

With respect to the reference frame {G} shown in Fig. 4.4 and coordinate transfer, we can

derive the following expression:

xe(t) = x1 + l4C5(t)(C1(t)S4(t) + S1(t)C4(t)C23(t)) + l2S1(t)C2(t)

+ l3S1(t)C23(t)− l4S1(t)S5(t)S23(t)
(4.3)
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ye(t) = y1 + l4C5(t)(S1(t)S4(t)− C1(t)C4(t)C23(t))− l2C1(t)C2(t)

− l3C1(t)C23(t) + l4C1(t)S5(t)S23(t)
(4.4)

ze(t) = l1 + l4S5(t)C23(t) + l4C4(t)C5(t)S23(t) + l2S2(t) + l3S23(t) (4.5)

For simplicity, let us introduce the two function definitions Lx(t) and Ly(t), which are functions

of explicitly known parameters only,

Lx(t) , l4C5(t)(C1(t)S4(t) + S1(t)C4(t)C23(t)) + l2S1(t)C2(t) + l3S1(t)C23(t)

− l4S1(t)S5(t)S23(t)

Ly(t) , l4C5(t)(S1(t)S4(t)− C1(t)C4(t)C23(t))− l2C1(t)C2(t)− l3C1(t)C23(t)

+ l4C1(t)S5(t)S23(t)

By substituting Lx(t), Ly(t) into (4.3), (4.4) and the resultant equations into (4.1) and rear-

ranging each term, one has:

L2
x(t) + L2

y(t) = r2 − x2
1 − y2

1 − 2x1Lx(t)− 2y1Ly(t) (4.6)

Define

P =


1 2Lx(t1) 2Ly(t1)

...
...

...

1 2Lx(tn) 2Ly(tn)

 , W =


L2
x(t1) + L2

y(t1)

...

L2
x(tn) + L2

y(tn)

 , λ =


r2 − x2

1 − y2
1

−x1

−y1


Equation (4.6) can be rewritten as:

W = Pλ (4.7)

A straightforward least squares approximation is then performed as,

λ̂ = (P TP )−1P TW (4.8)

where λ̂ is the least square estimate for the unknown parameters. The axis of rotation of the

MRR fourth joint shown in Fig. 4.4 needs to be parallel to the door hinge, as was explained in

the door opening method subsection. This can be easily done by setting the second and third

joint angles to their desired values calculated as follows. Once h is known, the desired rotation
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angle of the 2nd joint can be calculated from,

θ2d = sin−1(
h− l1
l2

) (4.9)

The rotation angle of the third joint is calculated from the inverse kinematics of the MRR,

θ3d = −θ2d. At that moment, the axis of rotation of the first and fourth joint is parallel to the

door hinge. The other estimated parameters, i.e. the door radius and the mobile base initial

position, are used for completing the path planning part.

Limitations of the least squares estimation method

One of the main disadvantages of least squares method is that when the data used for the

estimation are corrupted by additive noise, the least square estimation method gives biased

results. In addition, neglecting the presence of noise in general leads to models that do not

characterize properly the underlying processes. In the literature, several modified least square

methods have been proposed to estimate unknown parameters of system in the presence of

noise, i.e., (Söderström 1981). Other limitations of using least squares methods for parameter

estimation are the outliers and the limitations in the shapes that linear models can assume over

long ranges, possibly poor extrapolation properties, and sensitivity to outliers.

The data used in our parameter estimation algorithm are the joint angles of the MRR

robot which are measured with digital incremental encoders. Therefore, the presence of noise

is assumed negligible. In addition, as the MRR is firmly grasping the door knob, outliers does

not occur in the recorded data.

4.5.3 Path Planning

There are constraints that have to be considered when planning the trajectory of the mobile

base. These constraints can be categorized into kinematic constraints, mechanical constraints

and geometrical constraints. The kinematic constraints are due to the constrained motion of

the robot that leads to a reduced number of degrees of freedom. The mechanical constraints

are related to the mechanical structure of the robot, e.g., joint limits, maximum speeds, and

maximum applicable torque and force at each joint module. Geometrical constraints exist

between the door and the mobile base and collision has to be avoided throughout the door

opening process. The objective of this subsection is to develop a path planning algorithm for

the door opening task that takes the constraints imposed on the mobile MRR into consideration.

The implementation of Hermite cubic splines as a tool for path planning is adopted to achieve

this objective. Let p = p1, p2, ..., pn denote a set of control points (knots) on a route, with
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each point pi comprising of three basic elements, xi, yi and θi, i = 1, 2, ..., n; xi, yi denotes

the position relative to the global reference frame, and θi is the heading angle of the mobile

robot. There are several available methods to connect these points in a curve, with the most

effective one for this case being the piecewise cubic polynomials method, alternatively called

the cubic splines, for its offered features like continuity in position, heading, curvature, velocity,

and acceleration (Strang 1986). Considering just the local parameterization of the ith cubic

spline segment in only the x direction, one has:

Xi(t) = ai(t− 1)2(2t+ 1) + bit
2(3− 2t) + cit(t− 1)2 − dit2(1− t) (4.10)

where Xi denotes the segment connecting the points pi and pi+1 in the x direction; 0 ≤ t ≤ 1

denotes the relative motion time of each segment i (i = 1, 2, ..., n− 1 segments); n denotes the

total number of control points used on the path, and ai, bi, ci, and di are the coefficients to be

determined. The Hermite cubic polynomial (4.10) is selected such that it satisfies all four of

the following boundary conditions (Imran and Reza 2009):

Xi(0) = ai;
dXi

dt
(0) = ci

Xi(1) = bi;
dXi

dt
(1) = di

(4.11)

The first two boundary conditions are used to respectively assign the initial position and velocity

values, and the last two boundary conditions are used to assign the final position and velocity

values. The following additional constraints must be imposed to ensure continuity between each

polynomial.

Xi(1) = pxi+1 ; Xi(1) = Xi+1(0)

dXi

dt
(1) =

dXi+1

dt
(0);

d2Xi

dt2
(1) =

d2Xi+1

dt2
(0)

(4.12)

For n control points, there are 4(n− 1) equations and 4(n− 1) unknowns. The system of equa-

tions (4.11) and (4.12) can be rewritten in a simple symmetric tridiagonal system of equations

as follows: 

1

1 4 1

. . .
. . .

. . .

1 4 1

1





η0

η1

...

ηn−2

ηn−1


=



vinit

3(px3 − px1)

...

3(pxn−1 − pxn−3)

vfinal


(4.13)
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where η is an intermediate variable; vinit, vfinal are the initial and final velocities of the path,

respectively. The coefficients of the spline are obtained by solving for the intermediate variables

η′s.

ai = pxi ; bi = pxi+1 ; ci = ηi−1; di = ηi (4.14)

The initial position of the mobile base in the global reference frame was identified from the

unknown parameter estimation algorithm while the final position is calculated using the desired

door opening angle. First, we introduce an intermediate point between the known start and

final position of the mobile base. Afterwards, a Hermite cubic polynomial is used to connect

these points to create a rudimentary path. Finally, this created path is validated with respect

to the constraint imposed on the system. These constraints and the margin in which the mobile

robot can move are studied through computer simulation. For each door opening angle, the

position of the mobile base was varied and an algorithm that checks the joint limits and other

constraints was used to verify if that position is valid. The algorithm is described as follows:

1. For the current door opening angle starting from 0 deg;

(a) Calculate the door knob position;

(b) For the current mobile base position starting from the initial position, solve the

inverse kinematics of the MRR considering the joint limits and check if the door

knob is in the robot workspace;

(c) If (b) holds, using the mobile base footprint, calculate the distance between the door

and the mobile base to verify that there is no possible collision;

(d) If (b) and (c) hold, save the mobile base position as a valid position.

2. Change the mobile base position by adding small ∆x and ∆y;

3. Go to step (1) until one or more of the conditions is no longer satisfied;

4. Increase the door opening angle and repeat (1) to (3).

Using the aforesaid algorithm, the margin shown in Fig. 4.5 was obtained. Mobile base motion

inside this margin will not violate any of the constraints and hence is allowed. We select the

desired path to be in the middle of this margin to guarantee that all constraints are satisfied

even in the case of large position errors of the mobile base.
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Figure 4.5: Trajectory of the mobile base and the margin of allowed motion.

4.6 Simulation and Experiment Results

4.6.1 Simulation

A series of computer simulations were carried out to validate the proposed door opening method

and to ensure that all constraints are respected throughout the door opening process. The

mobile base was assumed to have up to 10 cm error in Cartesian space when trying to follow

a desired curvature trajectory. This desired trajectory was chosen to be in the middle of the

mobile base safe motion margin. The results of some of these simulations are presented in

Fig. 4.6 and Fig. 4.7 with 2 cm and 10 cm trajectory following errors, respectively. Simulations

show that all joints move within their mechanical limits and there is no constraints violation

even when the error in Cartesian space is up to 10 cm.

4.6.2 Experiments

A door simulator with adjustable radius, knob height, and opening force is used to perform the

door opening experiment; see Fig. 4.8. The opening force is adjusted by tightening or releasing

a clamp on the door simulator. The knob position and the opening force are selected based

on standard door dimensions and opening force. Positioning of the mobile base in front of the

door simulator as well as the grasping of door knob is done manually. The desired path of

the mobile base is calculated by the onboard computer using the estimated door parameters

and the mobile base’s initial position. Several experiments were carried out to confirm the

efficiency of the proposed door opening method, all of which have been successful. The opening
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(a) Mobile base trajectory with 2 cm position error. The light-blue envelope represents the allowed
motion area.

(b) The first and fourth joint angles.

Figure 4.6: Simulation results for 2 cm position error.
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(a) Mobile base trajectory with 10 cm position error. The light-blue envelope represents the allowed
motion area.

(b) The first and fourth joint angles.

Figure 4.7: Simulation results for 10 cm position error.
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Figure 4.8: Schematic diagram of the door simulator.

of door is shown by sequential pictures in Fig. 4.9. In Figure 4.9, picture (a) shows the start

position; (b) shows that the mobile base has started following the desired path with MRR

joints 1, 4 and 5 working in passive mode; (c), (d), and (e) show the yaw angle of the DAUJ

has changed (see Fig. 4.11 for the yaw angle and the corresponding motion time); (f) shows

that the door is fully open, 90o. The joint positions and the readings of the integrated torque

sensor of each MRR module as well as the six-axis force sensor were recorded during the door

opening process. Fig. 4.10 shows the force measurements of the force sensor along the x, y, and

the z directions. The force in the z direction, Fz, represents the pulling force, and is expected

to be large due to the force applied by the door in this direction. The other two forces, Fx

and Fy, represent the force in the pitch and yaw directions of the DAUJ, respectively. The

torques generated by these forces in the pitch and yaw direction of the DAUJ and the DAUJ

joint position angles are shown in Fig. 4.11. The torque sensor readings of the MRR J1 and

its position angle are shown in Fig. 4.12. It is clear from the experimental results that the

multiple working mode control can prevent the occurrence of large internal forces during the

door opening process. The torque measurements at the wrist were less than 2.3 Nm. It is worth

noting that the DAUJ has a threshold of around 2 Nm before it starts moving when working

in the passive mode. This is partially due to the uncompensated part of the joint friction. This
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(a) (b)

(c) (d)

(e) (f)

Figure 4.9: Pictures of the mobile MRR pulling door open.
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Figure 4.10: Force measurements at the MRR end-effector.

Figure 4.11: DAUJ pitch and yaw positions and torques.

Figure 4.12: Torque sensor readings and joint angle of the MRR joint 1.
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Figure 4.13: End-effector forces with 2o heading angle error.

Figure 4.14: DAUJ angles and torques with 2o heading angle error.

threshold is necessary to prevent DAUJ motion in absence of external forces as a result of the

gripper weight and it has been selected experimentally by trial and error. This implies that

the measured internal forces are less than 0.3 Nm. In comparison to the previously proposed

door opening methods, these internal forces are of similar magnitude to those achieved when

using complicated compliant control algorithms. Experiments also showed that the proposed

method is robust to the accumulated position errors of the mobile base. This was confirmed

by repeating the experiment with different initial heading angles of the mobile base to change

its trajectory while making sure it was still within the allowed margin. The mobile MRR could

open the door with measured internal forces that are still of comparable magnitude with the

case in which no heading error is introduced. For example, the torque measurements at the

wrist reached a maximum of 3 Nm when offsetting the mobile base initial heading angle by

2 degrees. The results of the door opening experiment when mobile base heading angle error

is introduced are shown in Fig. 4.13 to Fig. 4.15. The torque measurements at the wrist, as
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Figure 4.15: Joint 1 angle and torque sensor readings with 2o heading angle error.

shown in Fig. 4.14, are similar to those of the previous experiment. During the experiments,

a minor relative motion between the robot end-effector and the door knob was noticed. This

minor relative motion did not affect the door opening performance because the free joints are

passively controlled by the coupling forces between the MRR and the door, and these forces

are independent of the contact point.

4.7 Concluding Remarks

In this chapter, a novel door opening method is presented along with its experimental demon-

stration using a mobile MRR. By switching between active and passive working modes of the

MRR joint modules, the occurrence of large internal forces was prevented. The presented

method solves a major problem of door opening without using complicated control algorithms

or any special mechanical design, and it can be implemented on any other robot that has joints

capable of working in both active and passive modes.
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Chapter 5

Distributed Fault Detection for

Modular and Reconfigurable Robots

with Joint Torque Sensing: A

Prediction Error Based Approach

5.1 Introduction

In many modern applications require robots to operate in unstructured environments where

human intervention may not be feasible due to cost or environmental dangers. Robot reliability

and fault tolerance are critical for successful operations in such environments. For robots

working alongside human beings, like medical robots for example, timely detection of robot

faults is more of a concern. It is therefore essential for robots to independently detect and

isolate internal failures and, if possible, utilize the remaining functional capabilities to overcome

the limitations forced by the failures and safely complete their tasks.

Fault detection and fault tolerant control have been attracting a great deal of interest in

the control engineering and robotics communities as it enables systems to continue operation,

possibly at a reduced level, when some part of the system fails (Liu 2001; Abdul and Liu

2007; Abdul and Liu 2008; Paviglianiti et al. 2010). The main objective of fault detection

and isolation is to quickly detect faults and provide early warnings to facilitate appropriate

preventive actions so that complete system breakdown can be avoided. In this chapter, a

distributed fault detection scheme is developed for modular and reconfigurable robots with

joint torque sensing. The fundamental idea is to compare the filtered motor torque commands
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of monitored MRR with filtered torque estimates derived from its distributed dynamical model.

Fault is declared if the residual of this comparison goes above certain threshold.

There are several fault detection methods in the existing literature for robot manipulators,

e.g., (Brambilla et al. 2008; Yuan et al. 2011; Zhang 2011). In (Brambilla et al. 2008), a

fault detection and isolation scheme based on the inverse dynamics approach is presented for

robot manipulators. In this work, a suboptimal second-order sliding-mode algorithm is used to

design the input laws of the observers. In (Yuan et al. 2011), joint torque measurement is used

to estimate the power efficiency of MRR’s joint, and residuals are generated by comparing the

input and the output power of each MRR joint module. A fault detection scheme with online

estimators is investigated in (Zhang 2011) to estimate the unknown constant sensor bias for

diagnosis of sensor faults. In (Shin and Lee 1999), the position and velocity tracking errors are

used to detect joint failures; a failure is declared if a selected combination of the position error

and velocity error exceeds a predefined threshold. For a specific trajectory a threshold can be

defined through some online tuning. However, a globally efficient error threshold may not be

feasible due to a variety of reasons that may include differences in the type of tracking control law

and its parameters, the payload variation, the position and orientation of the robot manipulator,

etc. A poorly designed error threshold may lead to false alarms. In (Caccavale and Walker

1997), residuals are generated by comparing predicted observer outputs with measured system

outputs. This observer-based scheme requires the measurement or estimation of accelerations.

Other observer-based fault detection algorithms are also reported in (Schneider and Frank 1996;

Chan et al. 1999; Izumikawa et al. 2005). A model-based fault detection approach that relies

on generation of residuals through a filtered torque estimate is proposed in (Dixon et al. 2000;

McIntyre et al. 2005). Analytical redundancy has been investigated in the literature to partially

replace the hardware redundancy with the aim of reducing the overall cost and improving

reliability (Frank et al. 2000; Hahn et al. 2003). Online parameter estimation method is used

in (Freyermuth 1991) to monitor and identify sudden changes in system parameters due to

faults in robotic systems. The simplification of the dynamic model by ignoring the coupling

between joints in (Freyermuth 1991) necessitates the need for conservative thresholds to avoid

false alarms. A neural-networks based fault detection algorithm was proposed in (Eski et al.

2011). A comprehensive overview of fault detection methods is presented in (Hwangand et al.

2010).

In this work, a distributed fault detection scheme is developed for modular and reconfig-

urable robots with joint torque sensing. This method calculates the difference between filtered

motor torque commands and filtered torque estimates to generate residuals with which fault

can be detected. Since the torque commands and the torque estimates are filtered, the mea-

surement or estimation of the robot joint accelerations are not required. The proposed scheme
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takes into account uncertainties in system parameters, namely, the friction model parameters.

The rotor inertia and gear ratio are assumed to be known accurately and are constant. The

friction model parameters of each MRR joint are initially estimated using observer based tech-

niques (Tien et al. 2008) and the resulting parameters are considered as nominal values. It is

a well known fact that these parameters change over time. Therefore, an adaptive law is used

to update the friction model parameters online as a means of improving the sensitivity of the

proposed distributed fault detection scheme.

The actuator faults that are considered in this research work are of three types: free-swinging

actuator fault, ramp actuator fault, and saturated actuator fault. The term free-swinging refers

to a fault in an MRR joint module that might be caused by loss of actuator torque, loss of

electrical power and brakes of an MRR joint, or a mechanical failure in the drive system. The

ramp actuator fault and the saturated actuator fault represent a joint that is gradually drifting

from the actual torque command and a suddenly saturated joint, respectively. The latter two

faults may be attributed to damage in the motor windings, faulty electronics in the drive system,

and/or sensors failures. Sensor failures refer to the motor hall sensors that are used to detect

the rotor position and produce position signal for the gating control of the driver circuitry in

the case of brushless DC motors.

The rest of this chapter is organized as follows: The dynamic model of modular and reconfig-

urable robot with joint torque sensing that may undergo actuator fault is described Section (5.2).

The proposed fault detection scheme is presented in Section (5.3). Experimental results are

presented and discussed in Section (5.4), and concluding remarks are given in Section (5.5).

5.2 Dynamic Model of the MRR with Consideration of Faults

With consideration of actuator faults, the dynamical equation (3.4) can be rewritten as:

Miq̈i(t) + δi(t) + γ−1
i τsi(t) + Yi(q̇i(t), τsi(t))θi + Φi(q̇i(t))sign(q̇i(t))

+ u−1(t− Tf )ζi(t) = τi(t)
(5.1)

where ζi(t) ∈ < represents a fault in the ith MRR joint module, u−1(t − Tf ) represents a

unit step function, Tf is the time instant when a fault occurs. The following property of

dynamic equation (5.1) and the succeeding assumption are worth noting as they are used in

the development of fault detection scheme.

Property 3 The accelerations and velocities of the lower stabilized and fault free joint modules
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are bounded (Abdul and Liu 2008), and therefore, the following upper bound exists:

|δi(t)| ≤ δ̄i (5.2)

Assumption 1 A controller is designed which ensures that in the absence of a fault (i.e.,

∀ t < Tf ) qi(t), q̇i(t), τi(t) ∈ L∞ and that limt→∞ qi(t)→ qdi(t) where qdi(t) ∈ < is the desired

ith joint trajectory.

Note that based on the form of the dynamic model given in (5.1), if qi(t), q̇i(t), τi(t) ∈ L∞ it

is clear that q̈i(t) ∈ L∞.

In the presence of an actuator fault, the dynamic equation (5.1) can be rewritten as follows:

ζi(t) = τi(t)− [Miq̈i(t) +Ni(t)] ∀ t ≥ Tf (5.3)

where

Ni(t) , δi(t) + γ−1
i τsi(t) + Yi(q̇i(t), τsi(t))θi + Φi(q̇i(t))sign(q̇i(t))

Similar to (McIntyre et al. 2004), the actuator faults considered in this thesis are categorized

as follows: a free-swinging actuator fault (i.e., [Miq̈i(t) +Ni(t)] = 0), a ramp actuator fault

(i.e., [Miq̈i(t) +Ni(t)] = ϑit), and a saturated actuator fault (i.e., [Miq̈i(t) +Ni(t)] = τmaxi), is

characterized as in (5.4).

ζi(t) ,


τi

τi − ϑi t ∀ t ≥ Tf
τi − τmax i

(5.4)

where, ϑi ∈ < is positive scaling term and τmaxi ∈ < represents the maximum applicable

torque at actuator i.

Remark 4 One method for detecting actuator faults could be by utilizing the following equation:

ζi(t) = τi(t)− [Miq̈i(t) +Ni(t)] (5.5)

However, the method in (5.5) is deemed impractical for fault detection as it requires not just

the knowledge of exact MRR model but also acceleration measurements. In addition, for the

ith joint, the motion states of all lower joint modules are required to construct the coupling

effect term, which makes this approach unsuitable for modular robots. The objective of the

present work is to design a distributed fault detection scheme that does not require acceleration

measurements or motion states of other joints.
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5.3 Distributed Prediction Error Based Fault Detection

The proposed distributed fault detection scheme is described in this section. The torque com-

mand of the ith joint module is filtered and compared with a filtered torque estimate that

is derived from its dynamic equation given in (5.1). Driven by the wish of eliminating joint

acceleration measurements from the fault detection scheme, a filtered torque signal denoted by,

τfi(t) ∈ < is defined as follows:

τfi(t) = f(t) ∗ τi(t) (5.6)

where the symbol ∗ denotes the standard convolution operation, and the low-pass filter function

f(t) is given by:

f(t) = αe−βt (5.7)

where α, β ∈ < are positive filter constants.

Remark 5 As a result of the filtering, the filtered fault signal is delayed from the actual fault,

although the delay can be mitigated by selecting large value of β.

Equation (5.1) can also be rewritten in the following form:

τi = ḣi + `i (5.8)

where

ḣi = Mi
d

dt
q̇i(t)

`i = δi(t) + γ−1
i τsi(t) + Yi(q̇i(t), τsi(t))θi + Φi(q̇i(t))sign(q̇i(t)) + u−1(t− Tf )ζi(t)

Using the fact that convolution is distributive, substituting (5.8) into (5.6) yields:

τfi(t) = f(t) ∗ ḣi + f(t) ∗ `i (5.9)

Using standard convolution properties, one can write:

f(t) ∗ ḣi = ḟ(t) ∗ hi + f(0)hi − f(t)hi(0) (5.10)

By substituting (5.10) and the expressions for hi and `i into (5.9), one obtains:

τfi(t) = ḟ(t) ∗Miq̇i(t) + f(0)Miq̇i(t)− f(t)Miq̇i(0) + f(t) ∗ {δi(t) + γ−1
i τsi(t)

+ Yi(q̇i(t), τsi(t))θi + Φi(q̇i(t))sign(q̇i(t)) + u−1(t− Tf )ζi(t)}
(5.11)
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Equation (5.11) can be rewritten as:

τfi(t) = ḟ(t) ∗Miq̇i(t) + f(0)Miq̇i(t)− f(t)Miq̇i(0) + Yfi(q(t), q̇i(t), τsi(t))θi

+ δfi(t) + f(t) ∗ {γ−1
i τsi(t) + Φi(q̇i(t))sign(q̇i(t))}+ ζfi(t)

(5.12)

where, δfi = f(t)∗δi, θi is the same constant parameter vector as defined in (2.27), Yfi(qi, q̇i, τsi)

denotes a measurable filtered regression vector and ζfi(t) ∈ < denotes the filtered fault signal

defined as follows:

ζfi(t) = f(t) ∗ u−1(t− Tf )ζi(t) (5.13)

Remark 6 Based on (5.12), it is clear that fault can be isolated in terms of an expression

that is independent of link acceleration measurements. Note that Mi is the rotor inertia mul-

tiplied by the gear ratio, the values of which are accurately known. τsi, qi, q̇i, Φi(q̇i(t)), and

Yfi(q(t), q̇i(t), τsi(t)) are also available; the nominal values, θ̂i, can be substituted for θi and

hence, the filtered fault signal can be calculated.

The following measurable prediction error is used to detect the fault at each joint module:

ei(t) = τfi(t)− τ̂fi(t) (5.14)

where τfi(t) is defined in (5.12), and τ̂fi(t) is the filtered torque estimate to be derived.

It also is clear from (5.12) that the only term that depends on motion states of other joint

modules is δfi(t). This term represents the filtered coupling effect between the lower i−1 joints

and the ith joint which is a function of lower i − 1 joints positions and velocities. For MRRs

with joint torque sensing, the link dynamics are captured by integrated torque sensors, and

δfi(t) is coupling in the motor dynamics only as can be seen from (3.5). If each coupling term is

considered as a modeling error, then an adaptation law guaranteeing the convergence of filtered

torque estimate to the actual filtered torque in the presence of nonzero modeling errors can be

designed. At this point, to explain the structure of the proposed fault detection scheme, the

filtered coupling term δfi(t) is obtained using the known motion state of the lower i− 1 joints.

The filtered torque estimate is designed using the known nominal values of system parameters

as follows:

τ̂fi(t) = ḟ(t) ∗Miq̇i(t) + f(0)Miq̇i(t)− f(t)Miq̇i(0) + Yfi(qi(t), q̇i(t), τsi(t))θ̂i

+ δfi(t) + f(t){γ−1
i τsi(t) + Φi(q̇i(t))sign(q̇i)(t)}

(5.15)
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Substituting (5.12) and (5.15) into (5.14), one obtains:

ei(t) = −Yfi(qi(t), q̇i(t), τsi(t))θ̃i + ζfi(t) (5.16)

where θ̃i reflects the discrepancy between the actual and the nominal values of the MRR joint

parameters and is given by:

θ̃i = θ̂i − θi (5.17)

An upper bound on the prediction error in equation (5.16) can be defined as follows:

|ei| ≤ ρi(t) + |ζfi(t)| (5.18)

where ρi(t) ∈ < is a positive bound that is selected to satisfy the following inequality:

|Yfi(qi(t), q̇i(t), τsi(t))θ̃i| ≤ ρi(t) (5.19)

Therefore, a dead-zone residual function can be defined to indicate a fault as follows:

D(ei) =

 1 if |ei| > ρi(t)

0 if |ei| ≤ ρi(t)
(5.20)

To construct a distributed fault detection scheme, the fault detection of each joint module

should be independent of the motion state of any other joint module. This is important due

to the fact that joint modules may be added or removed at any time to MRRs. Therefore, it

desirable to have a fault detection scheme that does not depend on the motion states of other

joint modules. In order to craft a sensitive fault detection scheme that does not require the

motion state of other joint modules, an online estimator for the uncertain parameters, θi, is

designed while the coupling terms δfi(t) are treated as modeling errors. In this case, the filtered

torque estimate is designed as follows:

τ̂fi(t) = ḟ(t) ∗Miq̇i(t) + f(0)Miq̇i(t)− f(t)Miq̇i(0) + Yfi(qi(t), q̇i(t), τsi(t))θ̂i

+ f(t) ∗ {γ−1
i τsi(t) + Φi(q̇i(t))sign(q̇i(t))}

(5.21)

and the parameters’ estimate is generated using prediction error driven gradient update law

that is designed using the switching σ-modification theory (Ioannou and Tsakalis 1986), to

avoid parameter drift due to the modeling errors as follows:

˙̂
θi(t) = ΓY T

fiei − Γσsθ̂i (5.22)
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Figure 5.1: Block diagram of distributed fault detection of one MRR joint module.

where Γ ∈ <4×4 is adaptive gain with Γ = ΓT > 0 and σs ∈ < is given by:

σs =


0 If |θ̂i(t)| < M0

σ0( |θ̂i(t)|M0
− 1) If M0 ≤ |θ̂i(t)| ≤ 2M0

σ0 If |θ̂i(t)| ≥ 2M0

(5.23)

where M0 > 0, σ0 > 0 are design constants and M0 is chosen to be large enough so that

M0 > |θi|. The prediction error in (5.14) becomes:

ei(t) = −Yfi(qi(t), q̇i(t), τsi(t))θ̃i + δfi(t) + ζfi(t) (5.24)

A block diagram of the proposed fault detection scheme is shown in Fig. 5.1.

Theorem 2 The adaptive law represented by (5.22) and (5.23) guarantees that

i) θ̂i, ei, ėi ∈ L∞

ii) ei,
˙̂
θi ∈ S(δ̄fi + σ0)

where δ̄fi is the upper bound for the coupling term δfi, i.e., δ̄fi = supt≥0 δfi.

iii) In the absence of modeling errors, i.e., when δfi = 0, property (ii) can be replaced with

ii’) ei, ėi,
˙̂
θi ∈ L2

Therefore, from Barbălate’s Lemma we have ei(t) → 0 as t → ∞, which is implied by

ei, ėi ∈ L∞, ei ∈ L2.
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In order to facilitate the subsequent analysis, the following Lyapunov-like function V (θ̃i(t)) ∈ <
is defined as,

V =
θ̃Ti Γ−1θ̃i

2
(5.25)

the time derivative of which is given by the equation:

V̇ = θ̃Ti Γ−1 ˙̃
θi (5.26)

Utilizing the fact that
˙̃
θi(t) =

˙̂
θi(t) and then substituting for (5.22), one obtains:

V̇ = Yfiθ̃iei − σsθ̃Ti θ̂i (5.27)

From (5.24), one can get:

Yfiθ̃i = −ei + δfi + ζfi (5.28)

By substituting (5.28) into (5.27), one can obtain the following expression:

V̇ = −e2
i + δfiei − σsθ̃Ti θ̂i + eiζfi (5.29)

In the absence of fault, ζfi = 0, therefore,

V̇ = −e2
i + δfiei − σsθ̃Ti θ̂i ≤ −e2

i + |ei|δ̄fi − σsθ̃Ti θ̂i (5.30)

where δ̄fi is the upper bound for the coupling term δfi, i.e., δ̄fi = supt≥0 δfi. Using completion

of squares, one can write:

−e2
i + |ei|δ̄fi ≤ −

e2
i

2
− 1

2
[ei − δ̄fi]2 +

δ̄2
fi

2
≤ −e2

i

2
+
δ̄2
fi

2
(5.31)

and,

σsθ̃
T
i θ̂i = σs(|θ̂i|2 − θTi θ̂i) ≥ σs|θ̂i|(|θ̂i| −M0 +M0 − |θi|) (5.32)

Because σs ≥ 0, σs(|θ̂i| −M0) ≥ 0 and M0 > |θi|, it follows that:

σsθ̃
T
i θ̂i ≥ σs|θ̂i|(|θ̂i| −M0) + σs|θ̂i|(M0 − |θi|) ≥ σs|θ̂i|(M0 − |θi|) ≥ 0 (5.33)

From (5.33), it can be concluded −σsθ̃Ti θ̂i ≤ 0, which implies that this term would only make

V̇ more negative. Because for |θ̂i| = |θ̃i + θi| > 2M0, the term −σsθ̃Ti θ̂i = −σ0θ̃
T
i θ̂i. We also

have,

−σ0θ̃
T
i θ̂i = −σ0θ̃

T
i (θ̃i + θi) ≤ −σ0(|θ̃i|2 + |θ̃i||θi|) (5.34)
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Using the inequality −a2 ± ab ≤ −a2

2 + b2

2 , one obtains:

−σ0(|θ̃i|2 + |θ̃i||θi|) ≤ −σ0
|θ̃i|2

2
+ σ0

|θi|2

2
(5.35)

Therefore, from (5.31) and (5.35) one can rewrite (5.30) as:

V̇ ≤ −e2
i

2
− σ0

|θ̃i|2

2
+
δ̄2
fi

2
+ σ0

|θi|2

2
(5.36)

Adding and subtracting the term αV for some α > 0, one obtains:

V̇ ≤ −αV + α(
θ̃Ti Γ−1θ̃i

2
)− e2

i

2
− σ0

|θ̃i|2

2
+
δ̄2
fi

2
+ σ0

|θi|2

2
(5.37)

Because θ̃Ti Γ−1θ̃i ≤ |θ̃i|2λmax(Γ−1), equation (5.37) can be rewritten as:

V̇ ≤ −αV + α(
|θ̃i|2λmax(Γ−1)

2
)− e2

i

2
− σ0

|θ̃i|2

2
+
δ̄2
fi

2
+ σ0

|θi|2

2
(5.38)

V̇ ≤ −αV − (σ0 − αλmax(Γ−1))
|θ̃i|2

2
− e2

i

2
+
δ̄2
fi

2
+ σ0

|θi|2

2
(5.39)

If we choose 0 < α ≤ σ0
λmax(Γ−1)

,

V̇ ≤ −αV +
δ̄2
fi

2
+ σ0

|θi|2

2
(5.40)

Hence, for V ≥ V0 = 1
2α(δ̄2

fi + σ0|θi|2), V̇ ≤ 0, which implies that V ∈ L∞ and therefore

θ̃i, θ̂i ∈ L∞. Furthermore, according to (5.6) and Assumption 1, Yfi, Ẏfi, τfi, τ̇fi ∈ L∞.

Based on the fact that Yfi, θ̃i ∈ L∞, one can utilize (5.24) to conclude that ei ∈ L∞. Since

Yfi, ei ∈ L∞ it can be concluded from (5.22) that
˙̂
θi ∈ L∞. We can also use −σ0θ̃

T
i θ̂i ≤

−σ0
|θ̂i|2

2 + σ0
|θi|2

2 and rewrite (5.30) as:

V̇ ≤ −e2
i

2
+
δ̄fi
2
− σ0

|θ̂i|2

2
+ σ0

|θi|2

2
(5.41)

Integrating both sides of (5.41) yields:∫ t+T

t
(e2
i + σ0|θ̂i|2)dτ ≤

∫ t+T

t
(δ̄fi + σ0|θi|2)dτ + 2[V (t)− V (t+ T )]

≤ c0(δ̄fi + σ0) + c1

(5.42)
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∀ t ≥ 0 and T > 0 where c0 = max[1, |θi|2], c1 = 2 supt[V (t) − V (t + T )], which implies that

ei,
√
σ0θ̂ ∈ S(δ̄fi + σ0). In addition, from equation (5.22), it follows that:

˙̂
θi ∈ S(δ̄fi + σ0) (5.43)

Furthermore, when the coupling term δfi = 0, because −σsθ̃Ti θ̂i ≤ 0 equation (5.30) implies

that ei ∈ L2. Based on the facts that Yfi, Ẏfi, ei,
˙̂
θi ∈ L∞, it can be concluded that ėi ∈ L∞.

Therefore, since ei, ėi ∈ L∞ and ei ∈ L2, Barbălate’s Lemma can be utilized to conclude that

limt→∞ |ei| = 0 in the absence of fault. Therefore, the boundedness of the prediction error ei

is proved.

The residual given in (5.20) can be used to determine if an actuator fault is present in

any MRR joint module. The fact that the residual given in (5.20) is based on fixed conserva-

tive threshold, motivates one to design a new dead-zone update rule to modify the dead-zone

threshold as |ei| decreases. The prediction error converges to a small value as the filtered torque

estimate τ̂fi converges to a value close to the filtered torque τfi. The upper bound of the pre-

diction error, %ci, and the convergence time, tci, are determined experimentally for each joint

module in the absence of a fault. Once %ci and tci are known, the following dead-zone residual

function is defined to indicate a fault:

D(ei) =

 1 if |ei| > %i(t)

0 if |ei| ≤ %i(t)
(5.44)

where %i(t) is selected as follows:

if (t ≤ tci) then %i(t) = |ei|+ ε

else %i(t) = %ci

and ε is a small positive constant.

Remark 7 A similar dead-zone update rule can be designed using sliding window technique, the

dimensions of which are user-defined through experimental observations. Upon the settlement

of prediction error within the tolerances of sliding window, the upper bound of the prediction

error can be measured and utilized as threshold, %ci. A point to be noted is that guaranteeing

of %ci as the true upper bound of ei in the absence of a fault is not really possible. Therefore,

there is always a possibility of false alarms. Since ei ∈ L2, the probability of false alarms
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Table 5.1: Physical parameters of the two-link MRR robot

Parameter Joint 1 Joint 2

Datasheet-based parameters

Rotor inertia (kg-m2) 0.168× 10−4 0.168× 10−4

Gear ratio 101 101

Experimentally identified friction parameters

Viscous friction coefficient (Nms/rad) 0.12 0.1

Static friction parameter (Nm) 0.0152 0.0143

Coulomb friction parameter (Nm) 0.015 0.0124

Stribeck effect parameter (Nm) 100 90

g1 4.9 5.2

g2 0.6 0.8

can be practically eliminated by choosing appropriately long lengths of the sliding window. This

dead-zone update rule has the advantage that it eliminates the requirement of convergence time,

tci.

5.4 Experimental Results

The proposed distributed fault detection scheme was implemented on two-degrees-of-freedom

revolute MRR robot as shown in Fig. 5.2. The dynamics of this two-link MRR robot are

described in equations (3.1) and (3.2). The rotor inertia and harmonic drive’s reduction ratio

of each joint are provided by the manufacturer and the friction model parameters have been

experimentally determined. The dynamic model parameters are given in Table 5.1 with all

parameters measured in SI units in the joint space. Our new generation MRR joint module

with joint toque sensing, joint 1 in Fig. 5.2, is used as the first and second joint by simply

switching its position. The harmonic drive of this MRR joint is driven by a brushed DC motor

from Maxon which is controlled through torque controlled Quanser linear power amplifier. The

data acquisition, control implementation, and fault detection were performed using the Quanser

Q8 data acquisition card at a frequency of 1 kHz. Distributed control method based on joint

torque sensing (Ahmad et al. 2013) is used to ensure desired position tracking of each joint
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Figure 5.2: Two-link MRR robot.

with a reasonable performance. The desired trajectory for both joints is represented by the

following sigmoid function:

qdi(t) = 0.5Amp(1− cos(πn t

tex
)) for 0 ≤ t ≤ 30s

where, Amp = 10 deg is the sigmoid amplitude, tex = 30s is the experiment runtime, and n = 12

is a constant used to control the number of sigmoids. Several experiments were conducted to

demonstrate the effectiveness of the proposed scheme. In the first experiment, the nominal

values of friction model parameters of joint 1 are used to calculate the filtered torque estimates

in (5.15). The results of this experiment are depicted in Fig. 5.3. The filtered torque and

filtered torque estimate are plotted in Fig. 5.3(a), the prediction error in Fig. 5.3(b), while the

torque sensor measurements are shown in Fig. 5.3(c). This experiment was used to validate the

proposed fault detection scheme under relatively small parameters uncertainties and modeling

errors. External torque was applied to the first link in both directions to show that the proposed

fault detection scheme achieves good performance in the presence of external disturbance, i.e.,

contact with objects in surrounding or unknown payload. This is a key issue in most previously

proposed fault detection schemes for robot manipulators. The reasons of it being the facts

that: i) most fault detections schemes are based on dynamic model of the system having

unknown external torque if not measured or estimated, and ii) the joint friction highly depends

on the load and therefore, false alarms are expected to occur in the presence of any external

torque. A major drawback that hinders the reliability of model-based FDI schemes is the model

uncertainty, which could be caused due to reasons like parameter variations and/or linearization
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errors, for example. The friction model parameters may change over time which makes false

alarms inevitable if the nominal values of the friction parameters are used to calculate the

filtered torque estimates. A compromise between the false alarms rates and sensitivity to

small faults can be achieved by adjusting the threshold used in the dead-zone function. The

decision making can be improved by using methods of change detection, e.g., a fuzzy or adaptive

threshold, Bayes decision, or likelihood-ration test.

In the proposed distributed fault detection scheme, the friction model parameters are esti-

mated online to minimize the effect of parameters uncertainty. Additionally, a friction model

that incorporates payload dependency was utilized to achieve small prediction error that is

independent of the payload variation. For the experimental verification of the distributed fault

detection scheme, the friction parameters are assumed to be unknown or have changed over time

due to lubricating and/or aging condition. The initial estimate of friction parameters, θ̂i(0),

were selected to be ±30% of their actual values. The parameters estimate, θ̂i(t), of equation

(5.21) was generated online using (5.22). The gains and parameters of the adaptive update law

in (5.22) were selected as follows: σ0 = 0.1, M0 was chosen using the experimentally determined

values of the friction parameters θi, and the filter parameters are β = 10 and α = 1 for both

joints.

Γ = Diag{3.5, 2, 2.25, 3}

Remark 8 The adaptive law (5.22) requires the knowledge of upper bound M0 for |θ̂i(t)|. Due

to the fact that any unpermitted deviation of the system parameters from the acceptable, usual

or standard condition is considered a fault, selection of value for M0 requires a compromise

between fault detection sensitivity and false alarms.

A free-swinging actuator fault, a ramp actuator fault with ϑi = 1, and a saturation actuator

fault were injected into the two-link MRR system at t = 29s for joint 1 and joint 2 in the

second and third experiments, respectively. The results of the last two experiments are shown

in Figs. 5.4–5.7 for joint 1 and Figs. 5.8–5.11 for joint 2. The topmost plots in Figs. 5.4–5.11

depicts the filtered torques and filtered torque estimates, the middle ones depict the prediction

error in full time scale, and the lowermost plots depicts the last 1.5s of experimental runtime to

highlight when the fault is detected. The lower plots in Fig. 5.4 and Fig. 5.8 are exception as

they depict the torque sensor measurements to show the applied external torques. The interval

between each instance of fault occurrence and fault detection is provided in Table 5.2 for each

fault type. The fact that faults are detected while the tracking error is still smaller than the

controller error can be easily noticed by observing the recorded delay times. It guarantees the

stability of the MRR joint modules before or during fault detection. For example, most robot
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(a) Filtered torques

(b) Prediction error

(c) Torque sensor readings

Figure 5.3: Fault free with nominal values, joint 1.
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manipulators work at joint velocities of around 2 rpm or 12 deg/sec for which

q̇ =
∆q

∆t

This implies that after 5ms and at a joint velocity q̇ = 12 deg/sec, the link-side error would

only be 0.06 deg. At joint velocity of 5 deg/sec, a 5ms delay in the fault detection will only

generate an insignificant 0.025 deg error in the link-side.

Table 5.2: Delay times between the actuator faults occurrence and the fault detection.

Time delay (ms)

Fault Type Joint 1 Joint 2

Free-swinging actuator fault 2 2

Ramp actuator fault 3 3

Saturated actuator fault 3 2
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(a) Filtered torques

(b) Prediction error

(c) Torque sensor readings

Figure 5.4: Fault free, joint 1.
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(a) Filtered torques

(b) Prediction error

(c) Prediction error (zoom-in)

Figure 5.5: Free-swinging actuator fault, joint 1.
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(a) Filtered torques

(b) Prediction error

(c) Prediction error (zoom-in)

Figure 5.6: Ramp actuator fault, joint 1.
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(a) Filtered torques

(b) Prediction error

(c) Prediction error (zoom-in)

Figure 5.7: Saturated actuator fault, joint 1.
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(a) Filtered torques

(b) Prediction error

(c) Torque sensor readings

Figure 5.8: Fault free, joint 2.
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(a) Filtered torques

(b) Prediction error

(c) Prediction error (zoom-in)

Figure 5.9: Free-swinging actuator fault, joint 2.
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(a) Filtered torques

(b) Prediction error

(c) Prediction error (zoom-in)

Figure 5.10: Ramp actuator fault, joint 2.
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(a) Filtered torques

(b) Prediction error

(c) Prediction error (zoom-in)

Figure 5.11: Saturated actuator fault, joint 2.
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5.5 Concluding Remarks

In the research work presented in this chapter, a distributed fault detection scheme that does

not require motion states of any other modules is proposed for modular and reconfigurable

robots with joint torque sensing. Unlike some previously proposed fault detection schemes, it’s

independent of measurements or estimations of joint accelerations. Since precise knowledge of

the robot model and parameters may not be possible, the proposed fault detection scheme is

designed to be robust to system parameters’ uncertainties. Experimental results have attested

the effectiveness of proposed fault detection scheme.
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Conclusions and Future Research

This chapter aims to close the thesis by providing a brief overview of the contributions presented

in this work, possible future research leads that stem from this research work, and an overview

of the open challenges related to the proposed door opening method and the fault detection

scheme.

6.1 Conclusions

The work presented in this thesis is twofold: i) the development of door opening method with

mobile modular and reconfigurable robot based on the framework of the multiple working mode

control. The presented door opening method solves a major problem of door opening without

using complicated control algorithms or any special mechanical design. By switching between

active and passive working modes of the MRR joint modules, the occurrence of large inter-

nal forces was prevented. Both simulation and experimental verification of the proposed door

opening method was presented. The proposed door opening method can be implemented on

any other robot that has joints capable of working in both active and passive modes. ii) the

design of distributed fault detection scheme for MRRs. A distributed fault detection scheme

that does not require motion states of any other modules is proposed for modular and recon-

figurable robots with joint torque sensing. Unlike some previously proposed fault detection

schemes, it’s independent of measurements or estimations of joint accelerations. Since precise

knowledge of the robot model and parameters may not be possible, the proposed fault detection

scheme is designed to be robust to system parameters’ uncertainties. Experimental results have

manifested the effectiveness of the proposed fault detection scheme.
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6.1.1 Strengths of the Proposed Approaches

Door Opening Method

The task of opening a closed door with mobile MRR was studied in this thesis work. Opening a

closed door have to be performed very often and is one of the major challenges for a mobile robot

manipulator. It also represents a wide class of robotic operations in unstructured environments.

The proposed door opening method utilizes the multiple working modes of the MRR modules

where the passive working mode was cleverly employed to provide the mobile MRR with the

flexibility to adapt to minor misalignments common in real-world unstructured environments.

A prior knowledge about the door parameters is not required. For example, the door opening

direction can be determined through differential force analysis by applying minute force at

the handle, in an arbitrary direction after the door’ latch has been unlocked. Then, the door

opening direction is selected as the direction in which the force buildup is minimal. All other

parameters including the door radius, the mobile base initial position, and the knob height with

respect to the base of the MRR are estimated using the proposed door parameters estimation

method. The proposed door opening method does not require any mechanical modification to

the robot or its environment and avoids exploiting complicated control algorithms commonly

employed to complete the door opening task with a mobile manipulator. Service robots, rescue,

security and many other mobile robot manipulator applications will benefit from the proposed

door opening approach.

Distributed Fault Detection Method for MRR

The proposed fault detection is modular. The fault detection for any joint does not require the

motion states of the other joints, which is desirable for MRRs. In the proposed method, the

dynamic properties of the upper links and joints connected to the ith joint are fully reflected by

the physical joint torque that is measured by the integrated joint toque sensor and the remaining

coupling is the sum of multiples of lower joints motor inertias by lower joints velocities and/or

accelerations. The coupling is in the actuator dynamics only and is small because of the high

gear ratio. In the proposed method, this coupling was treated as modeling errors, and an

adaptive update law based on the sigma-modification concepts to guarantee convergence of

the estimated parameters and avoid parameter drift was designed. Most of the previously

proposed fault detection schemes work only when the robot is moving freely in space, without

consideration of unknown payload or contact with the environment. That is due to the fact

that the filtered torque estimate is independent of the external forces applied to the robot

and therefore, false alarms occur when even a small external force is applied to any part of

the robot. In the method proposed in this work, exogenous force due to end-effector loads
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or impact disturbances are directly measured using the integrated joint torque sensors. In

addition, joint torque measurements are used to emulate the friction dependence on payload

which helps achieve small prediction error in the absence of fault.

6.1.2 Limitations of the Proposed Approaches

Door Opening Method

The proposed method was devised for pulling doors open only. An expansion to the proposed

method to allow the mobile MRR to push doors open is needed. A disadvantage associated

with the proposed door opening method is that it requires a relatively large space around the

door as the mobile robot has to turn to fully open the door. In addition, firm grasping was

assumed at all times, however; experiments showed that there is minor relative motion between

the robot end-effector and the door knob. This minor relative motion did not affect the door

opening performance as the MRR robot is not required to follow a specific trajectory in task

space. That is because the passive joints (Joints 1, 4, and 5) are free to move during the door

opening phase and their motion is guided by the motion of the door itself.

Distributed Fault Detection Method for MRR

The detection of small magnitude faults is a major challenge for the proposed fault detection

method with adaptive parameter estimation. This problem is caused by the fact that small

fault effects may be compensated due to the compensation of modeling errors and parameter

variations. Another limitation of the proposed fault detection scheme is that non-measurable

external disturbances are not considered. The principle of the Unknown Input Observer (UIO)

might be used to decouple the estimation error from the unknown inputs or disturbances.

Measurement noise and dynamic modeling errors result in small prediction error as seen in the

experimental result presented in chapter 5, however, the performance of the proposed method

need to be investigated in case of large amount of measurement noise is present.

6.2 Future Work

To carry on this research work to the next stages, efforts may be made to implement the

technique of utilizing multiple working modes of the MRR joint modules on different mobile

manipulator applications. One possibility of adding a degree of autonomy to the existing system

would be to incorporate stereo-vision system for door localization and door knob grasping. In

the future, work may also be directed to push open doors and opening of spring-loaded doors.

93



6.2. FUTURE WORK Chapter 6

The detection of small magnitude faults remains challenging for the proposed fault detection

method with adaptive parameter estimation. This problem may be overcome by considering

the effect of faults as a slowly varying parameter that can be estimated along with the friction

parameters. If it is assumed that the system parameters and faults vary at different speeds, two

filters with different gains can be designed to distinguish between incipient faults and parameters

uncertainty. Future investigations would be concerned with the detection of incipient faults and

residual processing schemes to detect faults while rejecting any false alarms caused by noise

and spurious signals. Fault detection schemes for the mobile base would also be investigated.
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Hermite Cubic Spline Example

An example demonstrating simple trajectory generation by connecting three points, (1, 1), (2, 1),

and (3, 2), using Hermite cubic polynomial is discussed below (only the x-axis case is solved in

detail). The following equation defines the Hermite cubic polynomial in the x-direction:

Xi(t) = ai(t− 1)2(2t+ 1) + bit
2(3− 2t) + cit(t− 1)2 − dit2(1− t)

The initial and final x-axis positions are “1” and “3” respectively, while the initial and final

velocities are set to 0. The boundary conditions are:

X1(1) = X2(0) = px2 ,
dX1

dt
(1) =

dX2

dt
(0),

d2X1

dt2
(1) =

d2X2

dt2
(0)

Two segments, having four boundary conditions and four continuity conditions, are required

to connect the three points. These conditions result in eight equations and eight unknowns.

Rearranging those equations into a matrix format as in (4.13) yields:
1 0 0

0 4 0

0 0 1



η0

η1

η2

 =


vinit = 0

3(px3 − px1) = 6

vfinal = 0


Solving for η yields: 

η0

η1

η2

 =


0

1.5

0
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Figure 1.1: Example of two cubic splines.

The coefficients of the equations are found by the following relations:

ai = pxi ; bi = pxi+1 ; ci = ηi−1; di = ηi

Therefore:

a1 = 1; a2 = 2; b1 = 2; b2 = 3;

c1 = 0; c2 = 1.5; d1 = 1.5; d2 = 0

The coefficients of the y-axis is also computed using the same method:

a1 = 1; a2 = 1; b1 = 1; b2 = 2;

c1 = 0; c2 = 0.75; d1 = 0.75; d2 = 0

Using these coefficients in the Hermite cubic spline equation, the path connecting the three

points is shown in Fig. 1.1.
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Selection of the Upper Bound for

the Dead-zone Residual Function

In this Appendix, the selection of the upper bound for the dead-zone residual function in (5.18)

is explained. Recall that the prediction error equation (5.16) is

ei(t) = Yfi(qi, q̇i, τsi)θ̃i + ζfi (2.1)

Taking the vector norm of (2.1) yields:

|ei(t)| = |Yfi(qi, q̇i, τsi)θ̃i + ζfi| ≤ |Yfi(qi, q̇i, τsi)θ̃i|+ |ζfi| (2.2)

where

Yfi(qi, q̇i, τsi) = f(t) ∗
[
q̇i gl(τsi)sign(q̇i) e−F̂τiq̇

2
i sign(q̇i) − F̂siq̇2

i e
−F̂τiq̇2i sign(q̇i)

]
(2.3)

θ̃i =
[
B̂i −Bi F̂ci − Fci F̂si − Fsi F̂τi − Fτi

]T
In general form and dropping the subscript (qi, q̇i, τsi) from Yfi(qi, q̇i, τsi)

Yfi = [yi1 yi2 yi3 yi4] (2.4)

θ̃i =
[
θ̃i1 θ̃i2 θ̃i3 θ̃i4

]T
Yfiθ̃i = yi1θ̃i1 + yi2θ̃i2 + yi3θ̃i3 + yi4θ̃i4
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Therefore

|Yfiθ̃i| = |yi1θ̃i1 + yi2θ̃i2 + yi3θ̃i3 + yi4θ̃i4|

≤ |θ̃i1yi1|+ |θ̃i2yi2|+ |θ̃i3yi3|+ |θ̃i4yi4|
(2.5)

If we assume that each of the friction parameters θi defined in (2.28) can be lower and upper

bounded as expressed in the following inequalities

θj < θj < θ̄j (2.6)

where θj denote the jth component of the vector θi and θ, θ̄ denote vectors of known, constant

bounds for the unknown parameters. Then the terms θ̃ij will have maximum of

θ̃ij = max{|θij − θ̂ij |, |θ̄ij − θ̂ij |} (2.7)

Therefore from (2.5)

|Yfiθ̃i| ≤
p∑
j=1

|Yfij |max{|θij − θ̂ij |, |θ̄ij − θ̂ij |} (2.8)

where p represent the number of parameters in θi.

Finally, based on this derivation, ρi(t) in Equation (5.18) can be selected as:

ρi(t) =

p∑
j=1

|Yfij |max{|θij − θ̂ij |, |θ̄ij − θ̂ij |} (2.9)
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