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Abstract

Serial and Cable-Driven Parallel Robots (CDPRs) are two types of robots that are widely
used in industrial applications. Usually, the former offers high position accuracy at the cost
of high motion inertia and small workspace envelope. The latter has a large workspace,
low motion inertia, and high motion accelerations, but low accuracy. In this thesis, re-
dundant Hybrid Cable-Driven Robots (HCDRs) are proposed to harness the strengths
and benefits of serial and CDPRs. Although the study has been directed at warehousing
applications, the developed techniques are general and can be applied to other applications.

The main goal of this research is to develop integrated control systems to reduce vi-
brations and improve the position accuracy of HCDRs. For the proposed HCDRs, the
research includes system modeling, redundancy resolution, optimization problem formula-
tion, integrated control system development, and simulation and experimental validation.

In this thesis, first, a generalized HCDR is proposed for the step-by-step derivation of
a generic model, and it can be easily extended to any HCDRs. Then, based on an in-
plane configuration, three types of control architecture are proposed to reduce vibrations
and improve the position accuracy of HCDR. Their performance is evaluated using several
well-designed case studies. Furthermore, a stiffness optimization algorithm is developed to
overcome the limitations of existing approaches.

Decoupled system modeling is studied to reduce the complexity of HCDRs. Control
design, simulations, and experiments are developed to validate the models and control
strategies. Additionally, state estimation algorithms are proposed to overcome the inac-
curate limitation of Inertial Measurement Unit (IMU). Based on these state observers,
experiments are conducted in different cases to evaluate the control performance.

An Underactuated Mobile Manipulator (UMM) is proposed to address the tracking
and vibration- and balance-control problems. Out-of-plane system modeling, disturbance
analysis, and model validation are also investigated. Besides, a simple but effective strat-
egy is developed to solve the equilibrium point and balancing problem. Based on the
dynamic model, two control architectures are proposed. Compared to other Model Pre-
dictive Control (MPC)-based control strategies, the proposed controllers require less effort
to implement in practice. Simulations and experiments are also conducted to evaluate the
model and control performance.

Finally, redundancy resolution and disturbance rejection via torque optimization in HC-
DRs are proposed: joint-space Torque Optimization for Actuated Joints (TOAJ) and joint-
space Torque Optimization for Actuated and Unactuated Joints (TOAUJ). Compared to



TOAJ, TOAUJ can solve the redundancy resolution problem as well as disturbance rejec-
tion. The algorithms are evaluated using a Three-Dimensional (3D) coupled HCDR and
can also be extended to other HCDRs.

vi



Acknowledgements

First and foremost, I would like to express my sincere gratitude to my enthusiastic su-
pervisors, Prof. Amir Khajepour and Prof. William Melek, for their continuous support,
tremendous encouragement, and excellent guidance.

Besides my supervisors, I would like to thank the rest of my thesis committee: Prof.
Homayoun Najjaran, Prof. Baris Fidan, Prof. Soo Jeon, and Prof. Stephen L. Smith, for
their insightful comments and invaluable advice.

My sincere thanks go to the lab members, Dr. Mitchell Rushton, Dr. Hamed Jamshid-
ianfar, Dr. Yanjun Huang, Dr. Chen Tang, Dr. Hong Wang, Dr. Yubiao Zhang, Mr. Jeff
Graansma, Mr. Jeremy Reddekopp and so on, for the useful discussions, suggestions, and
technical support.

Thanks are also due to the Beckhoff Technical Support Team in Canada and USA for
providing me the technical instructions in hardware and software usage and development.

Additionally, I would like to knowledge the financial support of the Natural Sciences
and Engineering Research Council of Canada (NSERC).

Last but not least, I would like to express my deepest gratitude to my family for their
endless support and warm love.

vii



Dedication

This thesis is dedicated to my family.

Viil



Table of Contents

List of Tables xiii
List of Figures Xiv
Abbreviations Xix
Nomenclature XX
List of Symbols xxi
1 Introduction 1
1.1 Motivation . . . . . . . ... 1
1.2 Research Background . . . . . . . .. .. . oo 3
1.3 Objectives . . . . . . . 4
1.4 Thesis Outline . . . . . . . . . . . . . 7
2 Literature Review and Background
2.1 Hybrid Cable-Driven Robots (HCDRs) . . . . . ... ... ... ... ...
2.2  Kinematics and Redundancy Resolution . . . . . ... .. ... ... ... 12
2.3 Dynamics . . . . . . L 13
2.4 Stiffness, Natural Frequency, and Stability . . . . . .. .. ... ... ... 15
2.5 Control Strategies . . . . . . . . .. 15
2.6 SUMMATY . . . . ... 17

X



3 System Modeling 18

3.1

3.2

3.3

3.4

3.5

3.6

Generalized System Modeling . . . . . .. .. ... 0oL 18
3.1.1 Equations of Motion of CDPR . . . . . . . ... ... ... ..... 19
3.1.2  Equations of Motion of HCDR . . . . . . . ... ... ... ..... 23
3.1.3 Redundancy Resolution . . . . ... .. .. ... .. .. ..., 28
3.1.4 Stiffness Optimization . . . . . . . . . ... ... .. .. ... ... 29
In-Plane System Modeling . . . . . .. ... ... ... ... .. ... 31
3.2.1 Configuration and Kinematic Constraints . . . . . . . .. .. .. .. 31
3.2.2 Equations of Motion . . . . .. ... ... L 32
Decoupled System Modeling . . . . . . . ... ... ... ... ....... 34
3.3.1 System Setup . . . . . ... 34
3.3.2  Whole-Body System Modeling and Model Decoupling . . . . . . .. 36
3.3.3  Model Decoupling: In-Plane Kinematic Constraint Vibration Model 41
3.3.4  Model Decoupling: Out-of-Plane Underactuated Dynamic Model . . 42
Out-of-Plane System Modeling . . . . . . ... .. ... ... .. ...... 42
3.4.1 System Setup . . . . ... 42
3.4.2 Equations of Motion of the UMM . . . . .. .. ... ... ..... 44
3.4.3 Model Validation . . . . .. .. .. ... ... 48
3.4.4 Linearization . . . . . . ... L Lo 48
3.4.5 Equilibrium Point and Balance Problem . . . . . ... ... .... 50
3D Coupled System Modeling . . . . . ... . ... ... ... ....... 52
3.5.1 System Setup . . . . . ... 52
3.5.2 Nonlinear Whole-Body Dynamics . . . . . . .. ... ... .. ... 53
3.5.3 Model Reduction . . . . . ... ... 55
SUMMATY . . . . o o o o e e s e e 56



4 Control Design, Optimization, and Case Studies 58

4.1

4.2

4.3

4.4

4.5

Vibration Control and Trajectory Tracking Using Multi Control Methods . 59

4.1.1 Independent Control . . . . . .. . . .. ... .. ... ... ... 61
4.1.2  Integrated Control-I . . . . . . ... ... ... ... 64
4.1.3 Integrated Control-1I (Fully Integrated Control) . . . . . .. .. .. 64
4.1.4  Simulation Results . . . . .. .. ... oo 66
MPC and State Estimation for Decoupled HCDRs . . . . . . . . ... ... 70
4.2.1 In-Plane Control . . . . . .. .. .. ... ... .. 70
4.2.2  Out-of-Plane Control . . . . . . . .. ... ... ... ... ..., 72
4.2.3 Simulation Results . . . . ... ... oo 73
4.2.4  State Estimation and Validation . . . . . . .. .. ... ... .. .. 75
Vibration Control and Trajectory Tracking: Practical Methods . . . . . . . 81
4.3.1 MPC with Integral Action . . . . . . .. ... ... ... .. ... 81
4.3.2 MPC+PI with Integral Action . . . . . . ... ... ... ... ... 84
4.3.3 Stability Analysis . . . . . . . .. Lo 85
4.3.4 Simulation Results . . . . . ... ... o oo 87
Redundancy Resolution and Disturbance Rejection via Torque Optimization 89
4.4.1 Problem Definition . . . . . . ... ... o oo 89
4.4.2  Joint-Space Torque Optimization for Actuated Joints (TOAJ) . .. 92
4.4.3  Joint-Space Torque Optimization for Actuated and Unactuated Joints
(TOAUJ) . . . o 96
4.4.4  Algorithms of the TOAJ and TOAUJ . . . . . ... ... ... ... 97
4.4.5 Control Design . . . . . . . ... 98
4.4.6 Simulation Results . . . . .. ... ... o 0 99
SUMMATY . . . v o v v e e e e e e e 104

X1



5 Experimental Results 107

5.1 Experimental Setup . . . . . .. ..o 107
5.2 Experimental Results of the Decoupled System . . . . . . . ... ... ... 109
5.2.1 In-Plane Position-Holding Performance . . . . . . . ... ... ... 109

5.2.2  Out-of-Plane Performance . . . . . ... ... ... ... ...... 111

5.3 Experiments and Robustness Verification of the Out-of-Plane System . . . 114
5.3.1 Experimental Results . . . . . . . ... ... ... .. ... .. .. 114

5.3.2 Robustness Verification . . . . . . . ... ... 119

5.4 Summary ... ... e 121

6 Conclusions and Future Work 123
6.1 Conclusions . . . . . . . .. 123

6.2 Future Work . . . . . . .. 124
References 126
APPENDICES 139
A Derivations and Analysis 140
A.1 Derivation of the Equations of Motion of HCDR-1 . . . . . . .. .. .. .. 140
A.2 Derivation of the Equations of Motion of HCDR-2 . . . . . . . ... .. .. 141
A.3 HCDR-3 Disturbance Analysis . . . . . . . . . ... ... ... .. ..... 143
A.4 Derivation of the Dynamics of HCDR-4 . . . . . . ... .. ... .. .... 144

xii



List of Tables

3.1 Driven Cable Mount Locations of HCDR-1 . . . . . . ... ... ... ... 32
3.2 HCDR-1 Parameters . . . . . . .. . . . . . ... ... 33
3.3 Driven Cable Mount Locations . . . . . . . . . ... ... ... .. ..... 37
3.4 HCDR-2 Parameters . . . . . . . . . . . 38
3.5 Parameters of the UMM . . . . .. .. ... ... 45
3.6 HCDR-4 Parameters . . . . . . .. .. ... . .. 54
4.1 Parameters of Three Control Structures . . . . . . . . .. .. .. ... ... 66
4.2  MPC Tuning Parameters for Simulations . . . . . . .. ... ... .. ... 74
4.3 Tuning Parameters for Simulations . . . . . .. .. .. ... ... ... .. 88
5.1 MPC Tuning Parameters for Experiments . . . . . . ... ... ... ... 109
5.2 Tuning Parameters for Experiments . . . . . . . . ... ... ... ... .. 118

xlil



List of Figures

1.1

2.1

2.2

3.1

3.2

3.3

3.4
3.5

Main components of the existing planar CDPR [76]. . . . . . ... ... ..

Examples of serial robots and CDPRs. (a) KUKA KR 60 HA [60]; (b) NIST
RoboCrane [29, 4]. . . . . . . . o

Some existing HCDRs. (a) RoboCrane based dual manipulator [35]; (b)
RoboCrane based Tetra work platform [36]; (¢) CDPR attached a robot
arm for large surface painting [107]; (d) Spidercam SC250 Field [98]; (e)
CoGiRo CSPR with the on-board Yaskawa-Motoman SIA20 robot arm [13];
(f) SpiderArm robot [28]. . . . . . ..o oo oo

Configuration of a generalized (n +m)-DOF HCDR with an n-DOF CDPR
and an m-DOF robot arm, where the robot arm is mounted on the CDPR.

Configuration of the 9-DOF HCDR-1. The mobile platform is driven by
four actuators with 12 cables; the robot arm has three joints with the first,
second, and third joints rotating about Z,-, Y,i-, and Ys-axis (i.e., the
corresponding moving frames), respectively. . . . ... ...

The prototype of HCDR-2. The mobile platform is driven by four actuators
with 12 cables moving in X-Y" plane (i.e., in-plane moving); two pendulums
(mounted on the mobile platform and rotates about its body-fixed X-axis)
are used to eliminate undesired out-of-plane moving (e.g., vibrations). . . .

The schematic with frames assignment of the actual system in Figure 3.3. .

Ranks of A5 and Ay in a feasible region {=02m < pp, <02m,—0.1m <

X1v

20



3.6

3.7

3.8

3.9

3.10

4.1

4.2

4.3
4.4
4.5
4.6

4.7

The proposed underactuated mobile manipulator (UMM) consists of a mo-
bile platform (MP), two pendulums, and a linear slider. The mobile platform
is driven by four actuators with 12 cables moving in the X-Y plane (i.e., in-
plane moving); two pendulums (mounted on the mobile platform and rotates
about its body-fixed X-axis) are used to eliminate undesired out-of-plane
motion; and the linear slider (with load mass and moves along its body-fixed
Z-axis) is used for operations. The above components constitute HCDR-3.

The schematic with frames assignment of the actual system in Figure 3.6.
(a) The slider (with load mass) is mounted on the mobile platform; (b)
zoom-in view of the pendulum; and (c) Y-Z view of the slider. . . . . . ..

Model validation results of the UMM. The simulation and experimental
responses are compared. . . .. ...

An example of the equilibrium point of the pendulums. The reference posi-
tion of the slider is given as —0.295m < p,. < 0.295m. . .. .. ... ...

The proposed redundant hybrid cable-driven robot (HCDR~4) consists of a
mobile platform, two 1-DOF pendulums, and a 3-DOF robot arm. (a) The
overall structure of HCDR~4 and (b) enlarge view of the pendulum.

Three types of control architecture based on HCDR-1. (a) Independent
control with the CDPR and the robot arm are decoupled; (b) integrated
control-I with the CDPR and the robot arm are coupled; and (c) integrated
control-1T with the CDPR and the robot arm are coupled. . . . . . .. ..

An stiffness optimization example using Algorithm 1, where the mobile plat-
form is stationary (i.e., position-holding at [pm.,pm.]7 = [0,0]7) and the
upper unstretched cable lengths are equal to Loy = Loz = 1.005 m. (a) X-Y
view, (b) 3D view, and (c) eigenvalues of the stiffness matrix K. . . . . ..

End-effector trajectory in Cartesian coordinates. . . . . . . . . .. .. ...
End-effector trajectory versus time. . . . . . . . . ... ... ...
RMSE of the end-effector trajectory. . . . . .. .. ... ... ... ....

In-plane and out-of-plane control architectures. (a) in-plane control and (b)
out-of-plane control. . . . . .. . ...

A four-point example to demonstrate warehousing application. The start
point P; : (0.1,—0.05) m, P : (0.1,0.05) m, P5 : (—0.1,0.05) m, and the end
point P : (—0.1,—0.05) m. At each point, in-plane and out-of-plane pulse
disturbances are given. . . . . . . . ...

XV

43

53

68

5



4.8

4.9

4.10

4.11

4.12

4.13

4.14

4.15
4.16

4.17
4.18

In-plane state and input responses at the example point P, where the open-
loop control and in-plane MPC control are implemented, respectively. . . .

Out-of-plane state and input responses at the example point P, where the

76

open-loop control and out-of-plane MPC control are respectively implemented. 77

An example to verify the proposed estimators. (a) In-plane trajectory (pm.
VErsus Pp,y) and (b) out-of-plane trajectory (p. versus time) . . . . . . ..

Control architectures. (a) MPC with integral action and (b) MPC+PI with
integral action. The components of the UMM are illustrated as follows: 1)

the mobile platform has no control input and six states (D, Pmzs ¥ms Yms By Bim)s

and the states were obtained using a Kalman-based method [92]; 2) the kth
(k = 1,2) pendulum is actuated by the corresponding servo motor (Beckhoff,
AMS8131-0F20-0000). Each pendulum has one input (torque 7,) and two
states (Bk, Opr); 3) the linear slider is actuated by a stepper motor (Nema
17, 42mm) with an encoder (Avago, HEDS-5540 106), and it has one input
(force fs) and two states (Ps,Ps)-  « « v v v v v e e

Simulated response with different control strategies. (a) State responses of
the mobile platform, (b) reference tracking of the slider and pendulums,
and (c) input responses of the pendulums. The open-loop control, MPC
with integral action, and MPC+PI with integral action are implemented,
respectively. . . . . . Lo

Simulated position of the end-effector with different control strategies. The
open-loop control, MPC with integral action, and MPC+PI with integral
action are implemented, respectively. . . . . . .. ... oL

Comparison of performance indices. (a) Jyes versus Jpg and (b) Kpest
VEISUS Kimde - « o o e e e e e

Cartesian positions and velocities of the end-effector. . . . . . . . .. ...

Trajectory responses of the HCDR-4 by given the start point pe,i—1) =
[0,0.334,0]7 m and the end point p.,; = [0.35,0.5,0.1]7 m, where the yellow
cube, blue lines, blue circles, and magenta dotted line represent the mobile
platform (cables are not displayed here), links of the robot arm, joints of the
robot arm, and trajectory of the end-effector, respectively. (a) TOAJ and
(b) TOAUJ. . . . .

Redundancy resolution of the actuated joints. . . . .. .. ... ... ...

Force/torque responses of the unactuated joints. . . . . . .. ... ... ..

Xvi

83

90

91

91
101



4.19
4.20
4.21

5.1

5.2

2.3

5.4

2.5

2.6

2.7

2.8

2.9

5.10

State responses of the unactuated joints. . . . . . ... .. ... ... ...

Error performance by using different methods. . . . . . . . . .. ... ...

Position tracking performance of the end-effector with the controller (4.49).

Experimental setup. (a) View of the whole experimental setup, (b) bottom
view, and (c) top view. . . . . ..o

Vibration displacements in the y-direction at the points P, and P,. In this
case, there is no extra load on the mobile platform. The open-loop control,
in-plane MPC control, and in-out-plane MPC control are implemented, re-
spectively. . . . . . L

In-plane input performance at the points P, and P,. There is no extra load
on the mobile platform in this case. The open-loop control, in-plane MPC
control, and in-out-plane MPC control are implemented, respectively.

Vibration displacements in the y-direction at the points P, and P,. A 6
kg extra load is mounted on the mobile platform. The open-loop control,
in-plane MPC control, and in-out-plane MPC control are implemented, re-
spectively. . . . . . L

In-plane input performance at the points P, and P;. A 6 kg extra load
is mounted on the mobile platform. The open-loop control, in-plane MPC
control, and in-out-plane MPC control are implemented, respectively.

Out-of-plane state performance at the points P, and P,. There is no extra
load on the mobile platform. The open-loop control, out-of-plane MPC
control, and in-out-plane MPC control are implemented, respectively.

Out-of-plane input performance at the points P, and P;. No extra load is
mounted on the mobile platform. The open-loop control, out-of-plane MPC
control, and in-out-plane MPC control are implemented, respectively.

Out-of-plane state performance at the points P, and P,. A 6 kg extra load is
mounted on the mobile platform. The open-loop control, out-of-plane MPC
control, and in-out-plane MPC control are implemented, respectively.

Out-of-plane input performance at the points P, and P;. A 6 kg extra load
is mounted on the mobile platform. The open-loop control, out-of-plane

MPC control, and in-out-plane MPC control are implemented, respectively.

Experimental response with different control strategies (the slider). The
open-loop control, MPC with integral action, and MPC-+PI with integral
action are implemented, respectively. . . . . . ... o000

xXvil

110

111

111

112

113

114

115

116



5.11

5.12

5.13

5.14

5.15

Experimental response with different control strategies (the mobile platform
and pendulums). (a) State responses of the mobile platform and (b) state
and input responses of the pendulums. The open-loop control, MPC with
integral action, and MPC+PI with integral action are implemented, respec-
tively. . . e

Experimental position of the end-effector with different control strategies,
where the open-loop control, MPC with integral action, and MPC+PI with
integral action are implemented, respectively. . . . . . . . . .. ... ...

Damping performance of the controllers with different load masses. (a) MPC
with integral action and (b) MPC+PI with integral action. . . . . . . . ..

Damping performance of the controllers with different in-plane positions

(P, Pmy) of the mobile platform. (a) (pma, Pmy) = (—0.1,0.05) m and (b)
(Pmas Pmy) = (—0.1,—0.05) m. . . . ... ...

Damping performance of the controllers with the uncertain load mass 2
and in-plane positions (pz, Pmy) of the mobile platform. (&) (Pma, Pmy) =
(—0.1,0.05) m and (b) (PmazsPmy) = (=0.1,—=0.05) m. . . . ... ... ...

XVviil



Abbreviations

3D Three-Dimensional

CDPR Cable-Driven Parallel Robot
COM Center of Mass

DOF Degree of Freedom
DOR Degree of Redundancy

HCDR Hybrid Cable-Driven Robot
IMU Inertial Measurement Unit

MP Mobile Platform
MPC Model Predictive Control

PI Proportional-Integral

PID Proportional-Integral-Derivative

TOAJ Torque Optimization for Actuated Joints

TOAUJ Torque Optimization for Actuated and Unactuated Joints

UMM Underactuated Mobile Manipulator

Xix



Nomenclature

Generalized HCDR consists of an n-DOF ({n € N : n < 6}) mobile platform, N driven
cables (N € N), and an m-DOF (m € N) robot arm, where the robot arm is mounted

on the mobile platform and moves with the mobile platform. The mobile platform
and driven cables constitute a CDPR. The generalized HCDR has (n+m)-DOFs and
can move in the 3D space (shown in Figure 3.1).

HCDR-1 consists of a 3-DOF planar mobile platform (i.e., n = 3), a 2-DOF robot arm
(i.e., m = 2), and 12 driven cables. HCDR-1 (shown in Figure 3.2) can only generate
in-plane motion.

HCDR-2 consists of a 6-DOF mobile platform, two 1-DOF pendulums, and 12 driven
cables. HCDR-2 (shown in Figure 3.3 and Figure 3.4) can realize in-plane motion
and out-of-plane motion.

HCDR-3 consists of a 6-DOF mobile platform, two 1-DOF pendulums, a 1-DOF slider,
and 12 driven cables. HCDR-3 (shown in Figure 3.6 and Figure 3.7) can realize
in-plane motion and out-of-plane motion. The UMM (in Figure 3.6 and Figure 3.7),
a subsystem of HCDR-3, can only realize out-of-plane motion.

HCDR-4 consists of a 6-DOF mobile platform, two 1-DOF pendulums, a 3-DOF robot
arm, and 12 driven cables. HCDR-4 (shown in Figure 3.10) can realize in-plane
motion and out-of-plane motion.
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Chapter 1

Introduction

1.1 Motivation

Serial manipulators are one of the most common types of industrial robots, which consist of
a base, a series of links connected by actuator-driven joints, and an end-effector. Usually,
they have 6 DOF's and offer high position accuracy. They are commonly used in industrial
applications; however, they have some key limitations, such as high motion inertia and
limited workspace envelope [117]. CDPRs are another important type of industrial robots.
Their configurations usually bear resemblance to parallel manipulators. For these robots,
rigid links are replaced with cables. This reduces the robot weight since cables are almost
massless. It also eliminates the need of these revolute joints. These features allow the
mobile platform to reach high motion accelerations in large workspaces. However, they are
not without some drawbacks, such as their low accuracy, high vibration, etc., all of which
limit their applications [37]. To overcome the aforementioned shortages of serial and cable-
driven parallel robots as well as aggregate their advantages, one approach is to combine
these two types of robots to create a HCDR, i.e., a hybrid structure of CDPR(s) and serial
robot(s). Compared to other hybrid robots such as mobile manipulators [123, 25, 68, 3],
the benefits of HCDRs still hold (e.g., low motion inertia and large workspaces).

Additionally, the growth of automated warehousing solutions has been fueled by the

e-commerce explosion in recent years [50]. By 2024, the market of global automated
material handling equipment is predicted to no less than US$ 50.0 Billion with a Compound
Annual Growth Rate (CAGR) of 8% [73, 72]. These increase of automated warehousing

applications offers a unique opportunity for the development of cable robotics that is
superior in, especially for HCDRs. Related research and applications have been reported



in [107, 98, 97, 43, 28, 14, 41]. However, the literature shows that existing research and
applications prefer to affix a robot arm upside down to the bottom of a CDPR’s platform
[9, 88, 14, 44,56, 98, 97] or mainly control the cable robot while treating the serial robot
as a manipulation tool or an end-effector rather than a whole system [5, 6, 98, 97]. When
a serial robot is mounted on a mobile platform, the two constitute a new coupled system.
Only controlling the mobile platform (i.e., treating the serial robot as a manipulation
tool) or the serial robot may not guarantee the position accuracy of the end-effector. For
applications that use such a system, the main goal is to control the end-effector of the serial
robot (e.g., its trajectories and vibrations) in order to accomplish tasks such as pick-and-
place effectively. Another major challenge in the utilization of these systems is maintaining
the appropriate cable tensions and stiffness for the robot. This requires the development
of kinematic and dynamic models, stiffness optimization, and controllers for HCDRs.

Some research has been carried out to solve these problems: for kinematic and dynamic

modeling, existing research mainly focuses on rigid serial robots [89], rigid /flexible parallel
robots [02, 81, , b7, , 52], and wheeled rigid mobile vehicles carrying a rigid /flexible
joint arm [68; 3]. In [62], a multilink manipulator model was developed, but this model

applied to each link driven by cables. To solve the redundancy and stiffness optimization
problems, some useful methods were studied, such as minimum 2-norm of cable tensions [57,

| and stiffness maximization in the softest direction [52, 53]. However, their research
focused on planar CDPRs, and the maximum of the system overall stiffness by using these
approaches was not always guaranteed. Since the use of flexible cables reduces the overall
stiffness of cable-driven robots, vibration control becomes a serious problem. Meanwhile,
the moving robot arm also generates reaction forces acting on the mobile platform, resulting
in mobile platform vibrations. Hence, it is challenging to achieve the goal of minimizing the
vibrations and increasing the position accuracy of the end-effector simultaneously. To the
best of the author’s knowledge, limited studies address the modeling and control problems
of flexible HCDRs, especially, when the redundancy and stiffness optimization problems
are introduced, the control of trajectories and vibrations becomes more challenging.

This thesis will introduce contributions which solve the aforementioned problems for
CDPRs with serial robotic arms in order to increase their accuracy and adoption in indus-
trial or other potential applications (e.g., rehabilitation). To develop and implement these
contributions, this thesis focuses on HCDRs, including modeling, control, and performance
analysis.
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Figure 1.1: Main components of the existing planar CDPR [70].

1.2 Research Background

The research in thesis began in 2015, based on the existing planar CDPR (see Fig-
ure 1.1) [76]. In Figure 1.1, the mobile platform is driven by two sets of upper cables
and two sets of lower cables. Jamshidifar [50] used this platform for studying the rigid
body and in-plane vibration control of CDPR. Rushton [93] introduced two pendulums to
eliminate out-of-plane vibrations. In this research, hybrid cable-driven robots (HCDRs)
are proposed to overcome the shortcomings of CDPRs and serial robots as well as aggregate
their advantages. The HCDR is defined as follows:

Definition 1.2.1. A hybrid cable-driven robot (HCDR) is a robot that is composed of two
or more heterogeneous mechatronic components, where at least one component is CDPR.

Additionally, the following HCDRs are proposed (see below) to achieve the objectives
shown in section 1.3: the generalized HCDR is used for the step-by-step derivation of a
generic model for HCDRs. HCDR-1 is used as a simple in-plane configuration to help the
reader understand the model. HCDR-2 is the decoupled configuration (with two pendu-
lums) based on the existing HCDR prototype (the experimental setup). HCDR-3 includes
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an additional slider to extend out-of-plane motion and manipulation tasks. HCDR-4 is a
3-DOF arm on the mobile platform (with two pendulums).

e Generalized HCDR: It consists of an n-DOF ({n € N : n < 6}) mobile platform,
N driven cables (N € N), and an m-DOF (m € N) robot arm, where the robot
arm is mounted on the mobile platform and moves with the mobile platform. The
mobile platform and driven cables constitute a CDPR. The generalized HCDR has
(n +m)-DOFs and can move in the 3D space (shown in Figure 3.1).

e HCDR-1: It consists of a 3-DOF planar mobile platform (i.e., n = 3), a 2-DOF robot
arm (i.e., m = 2), and 12 driven cables. HCDR-1 (see Figure 3.2) can only generate
in-plane motion.

e HCDR-2: It consists of a 6-DOF mobile platform, two 1-DOF pendulums, and 12
driven cables. HCDR-2 (see Figure 3.3 and Figure 3.4) can realize in-plane motion
and out-of-plane motion.

e HCDR-3: It consists of a 6-DOF mobile platform, two 1-DOF pendulums, a 1-DOF
slider, and 12 driven cables. HCDR-3 (shown in Figure 3.6 and Figure 3.7) can
realize in-plane motion and out-of-plane motion. An underactuated mobile manipu-
lator (UMM) consists of the mobile platform, two pendulums, and the linear slider
(see Figure 3.6 and Figure 3.7), a subsystem of HCDR-3, can only realize out-of-plane
motion.

e HCDR-4: It consists of a 6-DOF mobile platform, two 1-DOF pendulums, a 3-DOF
robot arm, and 12 driven cables. HCDR-4 (see Figure 3.10) can realize in-plane
motion and out-of-plane motion.

1.3 Objectives

The main goal of this research is to develop integrated control systems to reduce vibrations
and improve the position accuracy of HCDRs, including 1) development of generalized
HCDR and system modeling, and then extending it to four types of hybrid robots: HCDR-
1, HCDR-2, HCDR-3, and HCDR~4 for control design, simulations, and experiments, 2)
developing trajectory and vibration control methods for the HCDRs, and 3) conducting
effective simulations and experiments to validate the effectiveness of the proposed methods.
To achieve these objectives, the following contributions are pursued:



1. For the objective of modeling and control of generalized flexible HCDR, the main
contributions are as follows:

(a)

(c)

The derivation of the equations of motion and proof provide a very effective
way to find items for generalized system modeling. Meanwhile, the proposed
dynamic modeling approach avoids the drawback of traditional methods (e.g.,
[31]), and can be easily extended to other types of hybrid robots by changing
the proposed structure matrix based on their desired configurations, e.g., robot
arm(s) mounted on an aircraft platform [106, 90].

Three types of control architecture are proposed to reduce vibrations and im-
prove the accuracy of the HCDR. Their performance is also evaluated using
several well-designed case studies.

The proposed optimization problem and algorithm address the limitations of
existing stiffness optimization approaches in [57, 76, 52, 53]. Meanwhile, they
can be applied to not only CDPRs but also HCDRs.

2. Based on the proposed HCDR-2, the vibration control problems using MPC are
tackled, including decoupled system modeling, control design with simulations, state
estimation, and experimental validation of control performance. The unique contri-
butions can be summarized as follows:

(a)

The whole-body model and decoupled model are developed for the HCDR. The
latter is derived from the former for efficient use in practice. The proposed
decoupled modeling method can be extended to other HCDRs or CDPRs based
on their desired configurations.

Jamshidifar et al. studied vibration control of a planar (i.e., in-plane) CDPR [52,

], while Rijk et al. only studied the out-of-plane system and its vibration
control using a simple strategy (SMC) [30]. In SMC design, an accurate dynamic
model is not essential (i.e., model-free SMC). Actually, the HCDR in Figure 3.3
is a coupled system. To achieve vibration control for the integrated system in
real-time (no more than 0.01s in the experiments), especially using model-based
control techniques, this research proposes to simplify the dynamic model while
also ensuring satisfactory control performance (the experiments showed that
the system might crash out if the coupled dynamic model is adopted, i.e., the
CPU usage rate is beyond 90% (the maximum allowable value)). The proposed
decoupled model for the integrated system can be implemented in real-time (the
top CPU usage is reduced to 32%) and validated via experiments.



(c) Based on the proposed decoupled dynamics form, model-based control architec-
tures and observers are developed, and experimental results are satisfactory in
different cases. The proposed state estimation is more robust than the state-of-
art in [53]. The proposed control strategy can be generated to other CDPRs or
HCDRs.

3. For the HCDR-2, the research focuses on decoupling the dynamics (i.e., in-plane and
out-of-plane subsystems) based on the existing platform [76, 93]. For the proposed
HCDR-3 (shown in Figure 3.6), since the motion of the slider mainly affects out-
of-plane vibrations, in-plane motion is not considered in this case. The proposed
subsystem is an underactuated mobile manipulator (UMM) (shown in Figure 3.6)
which consists of a mobile platform, two pendulums, and a linear slider. Meanwhile,
the control goal for this system focuses on minimizing the vibrations and increasing
the position accuracy of the end-effector. The novelty and contributions can be
summarized as follows:

(a) Compared to the modeling and control objectives in [30], this thesis extends
that configuration by introducing a coupled slider on the platform to enable
execution of out-of-plane manipulation tasks such as pick-and-place. Accord-
ingly, tracking and vibration- and balance-control problems must be considered,
not only vibration control [30]. To develop the system dynamics, the equations
of motion of the UMM, disturbance analysis, and model validation are carried
out. Additionally, a simple but effective strategy is also proposed to solve the
equilibrium point for control design and balance problem.

(b) Jamshidifar et al. studied vibration control of a planar (i.e., in-plane) CDPR [52,
], while Rijk et al. only studied the out-of-plane system and its vibration
control using SMC [30]. In this thesis, based on the proposed dynamic model,
two control architectures are developed: MPC with integral action and MPC+PI
with integral action. Compared to other MPC-based control strategies, the
proposed controllers are easier to implement in practice. The results of this
thesis also offer noticeable improvements (in comparison with previous studies,
such as PID [76], LPV [53], and SMC [30]), because the use of MPC enhances
the control performance since the future steps from the reference trajectories
are used to generate control laws.

(c) Simulations, experiments, and robustness verification are conducted to validate
the performance of the proposed methods.

(d) Lyapunov-based stability analysis for the closed-loop systems is also proposed.



4. When kinematic redundancy occurs, existing research focuses on actuated joints (in
joint-space), unactuated joints (e.g., disturbances applied to the unactuated joints
may affect the motion of a robot) are not considered. To address this problem,
the redundancy resolution and disturbance rejection via torque optimization in the
3D are studied by using the proposed HCDR-4, and the following contributions are
highlighted:

(a)

Nonlinear whole-body dynamics equations of the HCDR are developed, and
model reduction methods are proposed. Based on the reduced dynamic model,
two new methods are proposed to solve redundancy resolution: joint-space
torque optimization for actuated joints (TOAJ) and joint-space torque opti-
mization for actuated and unactuated joints (TOAUJ). Compared to TOAJ,
TOAUJ can solve the redundancy resolution problem as well as active satisfac-
tory disturbance rejection.

Numerical results are introduced to evaluate the performance of TOAJ and
TOAUJ. The corresponding results are also satisfactory by comparing with [55,

, 38]. Additionally, a nonlinear controller is also proposed by applying the
generated offline redundancy resolution data to evaluate the proposed methods.

In summary, the main contributions of this thesis are as follows:

e General system modeling for HCDRs.

e Redundancy resolution and optimization problems in HCDRs.

e Integrated control system development for HCDRs.

1.4 Thesis Outline

In this dissertation, motivation, objectives, and thesis outline are introduced in Chapter 1.
The literature review and background knowledge are presented in Chapter 2. A generalized
HCDR is introduced in Chapter 3. For the proposed HCDR, generalized system modeling
is developed and then extended to four types of hybrid robots, namely, HCDR-1, HCDR-2,
HCDR-3, and HCDR~4 for control design, optimization, and case studies (in Chapter 4),
and experiments (in Chapter 5). In Chapter 4, different control strategies are developed
based on HCDR~1, HCDR-2, and HCDR-3. Based on HCDR-4, the proposed methods for
redundancy resolution and disturbance rejection are studied. The results are also evaluated
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using case studies in Chapter 4. In Chapter 5 experimental results are presented. Finally,
in Chapter 6, the conclusions and future work are summarized.



Chapter 2

Literature Review and Background

2.1 Hybrid Cable-Driven Robots (HCDRs)

Serial manipulators are one of the most common types of industrial robots, which consist of
a base, a series of links connected by actuator-driven joints, and an end-effector. Usually,
they have 6 DOF's and offer high position accuracy. They are commonly used in industrial
applications; however, they have some key limitations, such as high motion inertia and
limited workspace envelope [117]. For example, the KUKA KR 60 HA (see Figure 2.1(a))
is a 6-DOF serial robotic manipulator with a high payload (60 kg) carrying capacity and
repeatability of £0.05 mm, but the maximum reach is 2033 mm [60]. CDPRs are another
important type of industrial robots. Their configurations usually bear resemblance to
parallel manipulators (e.g., Stewart platform [100]). The NIST RoboCrane [29, 1] is a
typical CDPR with 6 DOFs (shown in Figure 2.1(b)), which is designed by utilizing the
idea of the Stewart platform, and its unique feature is its use of six cables instead of linear
actuators. For these robots, rigid links are replaced with cables. This reduces the robot
weight since cables are almost massless. It also eliminates the use of revolute joints. These
features allow the mobile platform to reach high motion accelerations in large workspaces.
However, they are not without some drawbacks, such as their low accuracy, high vibration,
etc., all of which limit their applications [27]. To overcome the aforementioned shortages of
serial and cable-driven parallel robots as well as aggregate their advantages, one approach
is to combine these two types of robots to create a HCDR, i.e., a hybrid structure of
CDPR(s) and serial robot(s).

Some research and applications are developed as follows: NIST developed a dual ma-
nipulator (see Figure 2.2(a)) [85], where a robot arm is fixed upside down to the bottom of
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Figure 2.1: Examples of serial robots and CDPRs. (a) KUKA KR 60 HA [60]; (b) NIST
RoboCrane [29, 1].

the RoboCrane robot’s platform, and the robot holds a retro-reflector as an off-board laser
track. This experimental setup is used to measure the rigidity of the cable configuration.
NIST also designed a Tetra work platform (shown in Figure 2.2(b)) [80], where a com-
mercial robot arm is fixed to the bottom of the RoboCrane robot. The RoboCrane Tetra
can be used to pick up and place a steel beam in a stanchion. In Figure 2.2(c), a CDPR
carries a robot arm to paint large surfaces. The demonstration showed that vibrations were
obvious and large [107]. In addition, cable-driven camera systems (e.g., Spidercam SC250
Field shown in Figure 2.2(d)) [98] and Skycam [97] are another type of cable-driven robots,
which can move the camera in different poses for overhead filming (e.g., in football games).
Gouttefarde [13] developed a CDPR (called CoGiRo CSPR, see Figure 2.2(e)) with the
onboard Yaskawa-Motoman SIA20 robot arm for contactless and interacting applications
(e.g., spray painting and metal cutting), but this project still had the main problems of
low stiffness of the CDPR. CUHK C3 Robotics Laboratory (see Figure 2.2(f)) [28] also in-
troduced a CDPR with the onboard UR3 robot arm, called SpiderArm robot. The CDPR
and UR3 robot arm were powered by two independent motion control systems, and the
demonstration showed that the CDPR vibrated while the UR3 was moving.

The literature shows that existing research and applications prefer to affix a robot arm
upside down to the bottom of a CDPR’s platform [0, 88, 14, 44, 56, 98, 97] or mainly
control the cable robot while treating the serial robot as a manipulation tool or an end-
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Figure 2.2: Some existing HCDRs. (a) RoboCrane based dual manipulator [35]; (b)
RoboCrane based Tetra work platform [36]; (¢) CDPR attached a robot arm for large
surface painting [107]; (d) Spidercam SC250 Field [98]; (e) CoGiRo CSPR with the on-
board Yaskawa-Motoman SIA20 robot arm [13]; (f) SpiderArm robot [25].
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effector rather than a whole system [5, 6, 98, 97]. When a serial robot is mounted on
a mobile platform, they constitute a new coupled system. Only controlling the mobile
platform (i.e., treating the serial robot as a manipulation tool) or the serial robot may not
guarantee the position accuracy of the end-effector. For applications that use such a system,
the main goal is to control the end-effector of the serial robot (e.g., its trajectories and
vibrations) in order to accomplish tasks such as pick-and-place effectively. Another major
challenge in the utilization of these systems is maintaining the appropriate cable tensions
and stiffness for the robot. This requires the development of kinematic and dynamic
models, stiffness optimization, and controllers for HCDRs.

2.2 Kinematics and Redundancy Resolution

As one of important topics in robotics, kinematics is concerned with the motion of the
robot’s joints in relation to the motion of the robot’s end-effector, including forward kine-
matics and inverse kinematics. For a CDPR, calculating the mobile platform (end-effector)
by the given cable lengths represents forward kinematics; computing the cable lengths by
the given the mobile platform position denotes inverse kinematics. For a serial robot, for-
ward kinematics is used to calculate the position and orientation of the end-effector when
the joint angles are provided; inverse kinematics is used to compute the joint angles (the
position and orientation of the end-effector are given. While for a HCDR, it includes the
above two types of kinematic problems (e.g., the proposed redundant HCDR shown in
Figure 3.10).

For cable-based robots, kinematic models are carried by simplifying non-stretchable and
straight lines for cables [7, 111, 77]. Vafaei [110] proposed another method by considering
the cables as linear springs and measuring the cable lengths using an encoder and a string
pot. In these studies, CCDs and laser trackers are two popular devices [13, 81] used to
measure the trajectories (e.g., position and velocity) of the moving platforms. For serial
robots, commonly, DH (Denavit and Hartenberg) parameters need to be configured, and
then transformation matrices [27] are calculated to find the forward kinematics. However,
solving inverse kinematics problems is not always easy since there may be no solutions,
multiple solutions, infinite solutions, or no closed-form solutions. Generally, geometric or
algebraic methods can be utilized to find analytical solutions (closed-form solutions), and
use approximate approaches (e.g., [0, , ]) to find numerical solutions.

Redundancy resolution is another important topic in kinematics and has existed for
years. One may fix this problem regarding the category of robots first: under-actuated
robots and fully-actuated robots [108, 10, 67] (their strict definitions are provided in [105]).
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The under-actuation represents the Degree of Freedom (DOF) of a robot n is more than
the number of driven cables/independent joint driven actuators N, ie., n > N; the
fully-actuation denotes the DOF of a robot n is no more than the number of driven ca-
bles/independent joint driven actuators N, i.e., n < N. Then, the value of N —n represents
the Degree of Redundancy (DOR). When the redundancy problem exists, there are infi-
nite solutions for inverse kinematics. Generally, approximate methods can be utilized to

find numerical solutions, such as Jacobian pseudoinverse [05], Jacobian transpose [120],
cyclic coordinate descent [115], damped least squares [113, 65, 83], and quasi-Newton and
conjugate gradient [115, 132] approaches.

Some studies have tried to find the optimal redundancy resolutions: Barrette [15] used

the inequality and equality constraints to find a redundancy resolution. Bruckmann [22]
utilized different optimization objective functions to solve redundancy problems. In the
past few years, researchers also attempted to use the below optimization methods: for in-
stance, minimum energy [130], minimum norm at acceleration level [38], minimum infinity-
norm at velocity level [104, 128], inertia-inverse weighted torque [129, 131], minimum torque
norm [38, , ], and minimization infinity-norm torque [127, 406, |. Additionally,
Flacco [38] developed a discrete-time redundancy resolution by minimizing the norm of
joint acceleration or joint torque. One of the advantages of the minimum weighted torque
norm reported in [55, 71, 38] was that the motions of robot joints normally stayed bounded.

However, the existed research focus on actuated joints (in joint-space), unactuated
joints (e.g., disturbances applied to the unactuated joints may affect the motion of a
robot) are not considered. Although [3%] mentioned torque optimization methods to find
the redundancy resolution on actuated joints; they did not give a detailed study on it.

Furthermore, the singularity is another problem in robotic kinematics. When a robot
moves into a singularity area, it cannot be controlled (e.g., for a CDPR, cable tensions can-
not hold [17]), so the robot should not work within the singularity area. Some contiguous
research, such as Dino et al. [32] have proposed a method to solve the Jacobian singularity
problems; Gosselin and Angeles [12] used closed-loop chains to analyze the singularity, and
Zlatanov et al. [131] developed a more generalized categorization method to solve several
singularity problems.

2.3 Dynamics

Robot dynamics is required to build the relationship between the robot joint forces/torques
and the produced accelerations, which includes forward dynamics (i.e., given forces/torques
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and calculate accelerations) and inverse dynamics (i.e., given accelerations and compute
the forces/torques). Generally, to obtain robot’s dynamic equations, two approaches can be
used: the Newton-Fuler equations and the Lagrange’s equation. These equations describe
the relationship between the input joint torques and the output motions. The Newton-
Euler equations are derived from Newton’s Second Law of Motion to describe a dynamic
system in terms of force and momentum. In the Lagrange’s equation, a dynamic system
is described in terms of work and energy. Generally, the Lagrangian formulation is more
systematic than the Newton-Euler formulation [119, 99].

For CDPRs’ dynamics, the Newton-Euler formulation and Lagrangian formulation are
utilized in different studies. For example, some research simplifies the dynamic models
by ignoring the mass and elasticity of cables or mainly considering the cables’ dynamics
[87, 62, |. Bedoustani et al. [17] show that the elasticity and damping of cables are
important factors in the dynamics. Some research has studied more complex dynamic
behaviors, such as using a lumped mass-spring model with a finite number of elements
[24], a discretized finite element model [34], variable stiffness coefficients [12], and damping
elements to a lumped mass-spring model [78]. For hybrid robots’ dynamics, some research
has focused on the mobile manipulators (e.g., a robot arm with a mobile wheel) [123, 68] and
flexible joints [63] using the Lagrangian formulation. In addition, the Lagrange-d’Alembert
formulation is another approach to producing a dynamic model, shown by Chung et al. [25],
who derived dynamic equations for a redundant mobile manipulator using this method.

Moreover, existing research mainly focuses on rigid serial robots [29], rigid/flexible
parallel robots [62, 81, , 07, , 2], and wheeled rigid mobile vehicles carrying a
rigid/flexible joint arm [68, 3]. In [62], a multilink manipulator model was developed, but

this model applied to each link driven by cables. To solve the redundancy and stiffness
optimization problems, some useful methods were studied, such as minimum 2-norm of
cable tensions [57, 70] and stiffness maximization in the softest direction [52, 53]. However,
their research focused on planar CDPRs, and the maximum of the system overall stiffness
by using these approaches was not always guaranteed. Since the use of flexible cables
reduces the overall stiffness of cable-driven robots, vibration control becomes a serious
problem. Meanwhile, the moving robot arm also generates reaction forces to the mobile
platform, resulting in the mobile platform vibrating. Hence, it is challenging to achieve
the goal of minimizing the vibrations and increasing the position accuracy of the end-
effector. To the best of the author’s knowledge, limited studies address the modeling
and control problems of flexible HCDRs. Especially when the redundancy and stiffness
optimization problems are introduced, the control of trajectories and vibrations becomes
more challenging.
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2.4 Stiffness, Natural Frequency, and Stability

The stiffness, natural frequency, and stability of HCDRs are important issues, because
driven cables are flexible, which will reduce the overall stiffness of the robots (compared to
rigid cables) and produce undesired vibrations. When a HCDR or CDPR moves, driven
cables should maintain enough tensions to reduce vibrations, i.e., keeping enough stiffness
of the robot [18].

Regarding the stiffness problem, some research has been developed: Behzadipour and
Khajepour [18] have proposed an equivalent four-spring model to express the stiffness ma-
trices of a CDPR. They also used a simulation example to verify this model. Azadi et al. [12]
introduced variable stiffness elements using antagonistic forces. Gosselin [11] analyzed the
stiffness mapping for parallel manipulators by considering the internal forces; conversely,
Griffis and Duffy [15] modeled the global stiffness of a class of compliant couplings but
without considering the internal forces.

Widnall [118] defines the natural frequency as “the frequency at which the system will
oscillate unaffected by outside forces.” In cable-driven robots, methods that maximize the
minimum natural frequency are studied and applied in [76, 33].

Stability is generally defined as follows: when an equilibrium point is given, the end-
effector of a robot will be affected by an external disturbance [21]. It holds for cable-driven
robots, i.e., a robot will be stable, if the end-effector of the robot can stay in the desired
pose under an external force. Wei et al. [117] utilized the eigenvalues of the stiffness matrix
to analyze the stability of a CDPR. Svinin et al. [101] proved that the positive definiteness
of the stiffness matrix determines a parallel robot’s stability. Carricato and Merlet [23]
analyzed that the equilibrium configuration will be feasible only if the cable tensions are
positive and the equilibrium is stable. In addition, Behzadipour and Khajepour [15] also
proved that a static cable-driven robot is stable if the stiffness matrix is positive definite,
i.e., they showed the sufficient stability conditions, using an equivalent four-spring model.

2.5 Control Strategies

The goal of control strategies for cable-driven robots includes rigid body motion control
(position and orientation) and vibration control. Generally, maximizing position and ori-
entation accuracy (i.e., minimizing tracking errors) and reducing vibrations (for flexible
joints or cables) are the desired objectives. To achieve this goal, one of the effective ap-
proaches is to develop different control strategies. For example, a robust PID controller
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was proposed by Kawamura et al. [51] to control a rigid planar CDPR. Xu et al. [122]
designed Proportional-Derivative (PD) controllers for a cable-driven multi-segment contin-
uum manipulator and showed that the position errors of the end-effector were acceptable.
Feedforward control and computed torque control were also applied to cable-driven robots:
for instance, Kino et al. [78] designed a feedforward controller to solve the gravitational
compensation and positioning problems. Alikhani et al. [7] utilized a computed torque
controller to study a constrained CDPR. Additionally, linear control theory based meth-
ods were developed: for example, Pole Placement Controller (PPC) [(4], Linear-Quadratic
Regulator (LQR) [71], gain scheduling pole placement controller [51], and linear optimal
controller [61] were used to achieve the rigid body motion control and vibration control.
Abdolshah and Barjuei [1] developed a linear quadratic optimal controller for cable-driven
parallel robots. ElMaraghy et al. [35] designed a robust linear controller for a flexible
joint robot, and the results showed that the performance of the tracking and regulation
was acceptable. Athans [11] proposed the role and use of the stochastic Linear-Quadratic-
Gaussian problem in control system design. Other control strategies also have been used
to control CDPRs, such as robust sliding mode controller [8], chattering-free sliding mode
controller [120], fuzzy controller [133], linear parameter-varying (LPV) controller [53, 30],
and non-collocated controller [21]. Moreover, as one of the optimal control approaches,
MPC is mainly used for process control. Some recent research applied this method to
other applications, such as energy-saving [15], battery optimal charging [135], navigation
of autonomous vehicles [116], overhead travelling cranes [39], and robot control [10, 91].

The above control strategies are available for cable-driven and serial robots. However,
when the redundancy, singularity, stiffness of flexible cables, and stability problems are in-
troduced, control problems (e.g., vibration) become more complex. Another major problem
is in maintaining cable tensions for sufficient stiffness for the robot. Some researchers have
tried to solve these problems by controlling the minimal guarantees of trajectory tracking
using a lower bound task stiffness [125] and minimizing the linear and quadratic cable
tensions [79]. However, these methods focused on improving the cable-tension problems.
Hence, these existing problems make the research and applications incomplete.

Additionally, for the related work on the planar CDPR [76, 52, 53], the authors studied
planar vibration control and ignored nonplanar (i.e., out-of-plane) vibrations. Actually,
because of disturbances and mechanical limitations, out-of-plane vibrations were existed
and could not be eliminated well by only using cables (e.g., controlling cable lengths or
tensions). [93, 94, 95, 30] introduced two pendulums (called multiaxis reaction system)
and mounted them to the planar CDPR to eliminate out-of-plane vibrations. Based on the
pendulums, the authors showed the pendulums were effective in eliminating out-of-plane
vibrations using sliding mode control (SMC) [30]. In [92], the decoupled modeling (in-plane
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and out-of-plane subsystems) for a hybrid of planar CDPR and pendulums was studied.
However, these studies focused on vibration control and could not handle some applications
such as increasing pick-and-place workspace and improving end-effector accuracy. To solve
these problems, a rigid linear slider is proposed in this thesis by mounting it on the mobile
platform (shown in Figure 3.6). The coupled slider, however, will lead to a new problem:
the moving slider generates reaction forces to the mobile platform resulting in mobile
platform vibrations. Researchers in [107] showed a CDPR carrying a robot arm for painting
large surfaces, but vibrations were obvious and large based on their demonstration.

2.6 Summary

In conclusion, the literature shows that existing research and applications prefer to affix a
robot arm upside down to the bottom of a CDPR’s platform or mainly control the cable
robot while treating the serial robot as a manipulation tool or an end-effector rather than
a whole system. When a serial robot is mounted on a mobile platform, they constitute a
new coupled system. Only controlling the mobile platform (i.e., treating the serial robot
as a manipulation tool) or the serial robot may not guarantee the position accuracy of
the end-effector. For applications that use such a system, the main goal is to control the
end-effector of the serial robot (e.g., its trajectories and vibrations) in order to effectively
accomplish tasks such as pick-and-place. Another major challenge in the utilization of
these systems is maintaining the appropriate cable tensions and stiffness for the robot.
This requires the development of kinematic and dynamic models, redundancy resolution,
stiffness optimization, and controllers for HCDRs.

Additionally, since the use of flexible cables reduces the overall stiffness of cable-driven
robots, vibration control becomes a serious problem. The moving robot arm also generates
reaction forces to the mobile platform, resulting in the mobile platform vibrating. Hence, it
is challenging to achieve the goal of minimizing the vibrations and increasing the position
accuracy of the end-effector. To the best of the author’s knowledge, limited studies address
the modeling and control problems of flexible HCDRs. Especially when the redundancy and
stiffness optimization problems are introduced, the control of trajectories and vibrations
becomes more challenging.

This thesis is motivated by the need to solve the aforementioned problems for CDPRs
with serial robot arms in order to increase their accuracy and adoption in industrial or
other potential applications (e.g., rehabilitation). To implement this motivation, this thesis
focuses on HCDRs, including modeling, control, and analysis.
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Chapter 3

System Modeling

In this chapter, a generalized flexible HCDR is first introduced in section 3.1. For this
HCDR, generalized system modeling is developed and then extended to four types of hybrid
robots, namely, HCDR-1, HCDR-2, HCDR-3, and HCDR-4, corresponding to different
motion models: in-plane system modeling, decoupled system modeling, out-of-plane system
modeling, and 3D coupled system modeling, respectively. These hybrid robots will be used
for control design, optimization and case studies (Chapter 4), and experiments (Chapter 5).

In section 3.2, HCDR-1 is a planar coupled system and in-plane controllable. To extend
the study of generalized HCDR both in in-plane and out-of-plane motions, and simplify
system modeling so that one can easier carry out in experiments, HCDR-2 is proposed in
section 3.3. The proposed HCDR-3 in section 3.4 extends the configuration of HCDR-2 (in
section 3.3) by introducing a coupled slider on the platform to enable execution of out-of-
plane manipulation tasks such as pick-and-place. Accordingly, tracking, and vibration- and
balance-control problems must be considered. In section 3.5, the proposed HCDR~4 is a
more complicated system and its in-plane and out-of-plane motions are coupled. HCDR-4
is used to study the redundancy resolution and disturbance rejection via joint-space torque
optimization methods (shown in Chapter 4).

3.1 Generalized System Modeling

Consider a generalized (n + m)-DOF HCDR in the 3D space (shown in Figure 3.1) with
an n-DOF ({n € N : n < 6}) cable-driven parallel robot (referred to herein as a mobile
platform) and an m-DOF (m € N) robot arm, where the robot arm is mounted on the
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mobile platform and moves with it. To simplify system modeling, all the driven cables are
assumed massless, straight, and stretchable.

As a coupled system, developing an analytical model for the system in Figure 3.1 is much
harder by comparison to just parallel robot or serial robot arm, especially, when flexible
parts are introduced (e.g., flexible cables). To develop the model of the hybrid system, first,
one can derive the equations of motion of the n-DOF CDPR (in subsection 3.1.1); then,
utilize the formulations developed in subsection 3.1.1 to derive the equations of motion of
the (n +m)-DOF HCDR (in subsection 3.1.2).

3.1.1 Equations of Motion of CDPR

In Figure 3.1, the inertial coordinate frame {O} is assumed fixed on the base/ground.
Coordinate frame {O,,} is located at the center of mass (COM) of the mobile platform.
By assuming the Euler angles [ti,, B, 7m]? € R? (the orientations of the mobile platform
about X-, Y-, and Z-axes, respectively), the rotation matrix (e.g., X — Y’ — Z”) is
computed as

Ry = Ry (o) Ry (Bin) Rar (Ym) € SO(3). (3.1)

Then, the cable-length vector is calculated as

Ei :[pmzapmyapmz]T + R;n [Ti937 Tiya Tz’z}T
—[am,aiy,aiz]T, {\V/Z - N o1 S 7 S N} (32)

where L; € R?® denotes the position vector from the ith cable anchor point on the robot
static frame to the ith cable anchor point on the mobile platform; p,, := [Pz, Pmy» Pz’ €
R3 represents the position vector of the coordinate frame {O,,} with respect to the co-
ordinate frame {O}; r; := [rm,riy,riz]T € R? denotes the position vector of the ith ca-
ble anchor point on the mobile platform with respect to the body-fixed frame {O,,};
a; = [Qig, Wiy, aiz]T € R3 represents the position vector of the ith cable anchor point on
the robot static frame with respect to the coordinate frame {O}; and N is the total num-
ber of cables. Then, the ith cable length L; € R is computed as

Li :H [pmampmya pmz]T + Rgb[rim Tiya Tiz]T

— @iz, @iy, aiz]" |- (3.3)
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Figure 3.1: Configuration of a generalized (n + m)-DOF HCDR with an n-DOF CDPR
and an m-DOF robot arm, where the robot arm is mounted on the CDPR.
In addition, the derivative of (3.2) is rearranged as
Li = IA/ZT’Um + (R;n[ﬁx, Tiys TiZ]T X ﬁi)Twm (34)

where L; € R denotes the ith cable length velocity, L; := % = [f}ix, f}iy, f)iz]T € R? repre-
sents the unit cable position vector, and v,,, w,, € R? are the linear and angular velocities

of the coordinate frame {O,,}, respectively. Then, (3.4) can be expanded in matrix form

20



as

.i/l -i/N !
Tz . Nz . |:Um:| (35)
RZ”‘ Ty | X Ly -+ R;” TNy | X Ly W
Tz TNz

where A,, represents a structure matrix, determined by the position and orientation of the
mobile platform. The linear velocity v, and angular velocity w,, are calculated as

[ Z:m } :(ArTn)+[L1,L2;"' ,LN]T (3.6a)
[pmxapmyapmz]T
= | R [6m, 0,0 + [Ry T [R2]T (3.6b)

0, B, O + [R31[0, 0, 0]

where ()" is the pseudo-inverse of the matrix (-), rotation matrices R™? = R, (8,) €
SO(3) and R}; = R.v(vm) € SO(3) are obtained using (3.1). Eqgs. (3.6a) and (3.6b)
are two expressions to compute v, and wy,. Pmz, Py, Dmzs Cm, Bm, and 7,, are the time-
derivative of Dz, Dy, Pmzs Qs Bm, and 7, respectively.

For the CDPR dynamics, the Newton-Euler equations of motion are used because they
can describe the system in Figure 3.1 in terms of cable tensions directly, i.e.,

M Ui mm[0,0,9]" + F,
+
) M,
N A
> (TiLy)
= =1 = A, T (3.7)

A

N
Z:l [E(RZ’L[TMM Tiy, riz]T X Lz)]

where T; € R denotes the ¢th cable tension; L; € R3 represents the unit vector of ith
cable position; F,, M, € R? are the external forces and moments (e.g., the interaction
forces and torques from the mounted robot arm affecting the mobile platform) applied
to the coordinate frame {O,,}; m,, € R is the mass of the mobile platform; I, € R3*3
denotes the moment of inertia of the mobile platform; v,,, Um, W, wm € R3 represent the
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linear velocity, linear acceleration, angular velocity, and angular acceleration the mobile
platform, respectively; and g is the gravitational acceleration.

Suppose the cable stiffness matrix is K, = diag (kei, kea, -, ken) € RN where
ke = %: represents the ith cable stiffness, F A; is the product of the modulus of elasticity

and cross-sectional area of the ith cable, and Ly, denotes ith unstretched cable length.
Then, the cable tension vector is calculated as

T =K, (L — L) (3.8)

where 7' € RY denotes the cable tension vector, L € R" represents the cable length
vector, and Ly € RY denotes the vector of unstretched cable lengths. The directions of T
are shown in Figure 3.1.

Finally, by considering a vector of unknown bounded disturbances 7,,4, (3.7) and (3.8)
can be combined and rewritten as

CRENEAR

=:Mm(qgm) =gm =:Cm(qm,dm)  =m
mu[0,0,g]" +F.
+ — G (am) + Toa = AT =: 7, (3.9)
M,
0 —Wmz  Wmy
where [wn] == | wms 0  —wnme | and I € R3*3 is the identity matrix. M,,(¢mn),
—Wmy Wz 0

Con(@my Gm), and G, (¢,n) denote the inertia matrix, Coriolis and centripetal matrix, and
gravitational vector, respectively. ¢m, Gm, Gm, and 7, represent the vectors of general-
ized coordinates, velocities, accelerations, and joint forces/torques, respectively. Related
background about CDPR modeling is introduced in [57, 52, 76, 18, 93, 95]. However, the
derivation of equations of motion of the CDPR in this section provides a convenient closed
form to simplify HCDR modeling in subsection 3.1.2.
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3.1.2 Equations of Motion of HCDR

For the (n +m)-DOF HCDR shown in Figure 3.1, the jth ({Vj € N: 0 < j <m}) COM
(of the link) position vector p,.; and joint position vector p,; are computed as

T 0 T
Pacj =[Pmas Py, Pm=]" + By" Ry [£a00, Ya00, Za0o]
~——
=:Ra0
0 T
+ R RY R [Zao1, Yao1, Za01] T + -+
H—/
::Rgl

+ RZlR?BRa R R (] 1) [xacha Yac0yj» Zach]T

::jo

:[pmmypmyypmz]T + RZO [anOa Ya00, ZaOO]T+

RMa01, Yao1, Zao1]” + -+ + RY [Zac0s: Yacos» Zacos]
:[pmasvpmyvpmz] + R [zcachayacO]y ZacO]]T+

J
i T
{RZ(] 2 [Ta0(j—1)» Ya0(j—1)5 Za0(j—1)] } (3.10)
k=0

and

Paj =[Pma: Py, Pmz]” + By Ry (a0, Ya0o, Zavo]”
+ RmRaORao (%015 Ya01, Za01]” + -+
+ R;”R‘;?R R ---Ra]j 1)[$a0j,ya0j,za0j]T
=[P, Py Pmz)” + R [T a00, Ya00s Za00)” +

g
R [%01 Ya0ls Za01] + -+ R [%Oj,ya()j, Zan]T
j
T
:[pmzapmy7pmz T + { an]a yaO]a ZaO]] } (311)
k=0
where m,; € R is the mass of link j and I,; € R3*3 denotes the moment of inertia of link
Jo [Tacos Yacojs Zacoj]” and [Taoj, Yaos, Za0j]” are body-fixed positions of the jth COM and
joint, respectively. Also, for the jth revolute joint, a rotation matrix from frame j — 1 to
j is defined as

R, (845), revolute joint about X-axis
RZijl) = Ry(0qj), revolute joint about Y-axis (3.12)
R.(04;), revolute joint about Z-axis
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and for the jth prismatic joint, the corresponding parameters of the revolute joint are
replaced with

o
Ry = Toxs

Tac0j = Tacoj + 0aj, prismatic joint about X-axis

Ta0j = Taoj + Uaj,  prismatic joint about X-axis
Yac0j = Yacoj + baj, prismatic joint about Y-axis (3.13)
Ya0j = Yaoj + 0aj,  prismatic joint about Y-axis

Zac0j = Zac0j + 0aj, Prismatic joint about Z-axis

| Za0j = Za0j + 0aj, prismatic joint about Z-axis.

The linear velocities of the jth COM (of the link) and joint are the time-derivative of
positions in (3.10) and (3.11), respectively. Then,

Vacj = pacj (314)
Vaj = paj' (315)

Additionally, the jth angle velocities are computed as
. J -T2
aej = oy = RSB wm + > {[RE] s . (3.16)
k=0
The proof of (3.16) is provided in Lemma 3.1.1. (3.16) is a simplified and very useful

result for generalized dynamic modeling, e.g., calculating the kinetic energy.

Lemma 3.1.1. Let 0, € R? be the vector of joint velocity about its body-fixed axis. Then
) J g

the jth angle velocity vector is equal to wae; = [RORGTwy + > {[RZ%]THQ;C}, where

k=0

{VjkeN:0<j<m, 0<k<j}
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Proof. The jth angle velocity vector w,.; can be derived as follows:

Waej =Ry Ra Ry Ry Rag Rad - Ref_ )" [, 0,017
%/_J . ~- J
i R

+ Ry R R RG R - Re 1710, 6, 0]

ma” 'mf3
+ [Rya R RagReT - - Reg_)]710,0, 4] "+

a(j—1
a a. aj T._) a, aj TT‘
[RaéRa% T Rd{j—l)] 9(11 + [Ra% o Razj—l)] 6a2
(& -~ " %/_/
R% R

4+t [Ra(j—l)Raj ]Téa(j—l) + [Rzgj—l)]Téoj

a(j—2)""a(j—1)

aj
Ro(j-2)

=Ry Ry) Rg)" [, 0,07 + [RGBy Ry Rag]

matlmp
0, B, O + [RGB R0, 0, 40" + [RE G
+-+ [RZ{j—Q)]Tga(j_l) + [RZ{]‘—U]Tgaj
—[Re Reg) " [Ry)" [6om, 0,017 + [Riy Reg) " [Ry]”
[REZYT10, B, 01 + [RE RAITIRIATI0, 0, )"
+ [R%]Téal +eet [Rzzjﬁ)]Téa(j*l) + [Rzzjﬂ)]Téaj
—trepregy {0 e 0L e
[0, By 07 + [RAITT0, 0, 4]

N J/

+ [R%]Teal Tt [R%’—Q)]Tea(j—l) + [RZ@_U]T%

J -
=R R "o+ Y { (7)o

k=0

where {V j,k e N: 0 < j <m, 0 <k <j}, RI'" = Ry(wn) € SO3), RS = Ry(Bm) €
SO(3), and B3 = R.v(vm) € SO(3). O

Substituting the corresponding results in (3.14) and (3.16), the total kinetic energy is
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calculated as

1

. . 1
KE :§mm [pman pmya pmz] [pmwa pmy7 pmz]T + szr;]mwm

1 J
T3 Z {MarVaepVack + WagpLarack }- (3.17)

k=0

The total potential energy is computed as

J
Vs = gpms + 3 {margps[0,0,1]" }
k=0

+ (L — L) K. (L — Ly) (3.18)

N | —

where g represents the gravity acceleration, position vector p,. is obtained using (3.10),
and £(L — Lo)" K. (L — Ly) denotes the cable elastic potential energy with its variables
defined in (3.8).

Based on the computed kinetic energy K and potential energy Vg in (3.17) and (3.18),
respectively, the Lagrangian dynamic equation of motion is calculated as

Ly =Kg—Vg. (3.19)
Then, the torque equations can be calculated as

- d (9Lg\ OLg
Eh dt (9qj 8q]

d (aKE> OKg | 0V
dt \ 0g; dg;  9dqj

(3.20)

where 7; represents the generalized force/torque applied to the dynamic system at joint j
to drive link j.

Based on open-chain, (3.20) can be described using the following form:

7= {{v((VLEq)ju L {v((VLEq)j)

q

]Tq - (VLEQ)]} (3.21)
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where V(-), and V(-), are defined as the gradient vectors of (-) with respect to the vectors
q and ¢, respectively. Compared with (3.20), (3.21) is easier to implement (i.e., program-
ming). By arranging (3.21) and introducing a vector of unknown bounded disturbances
74 € R™™ the equations of motion of the HCDR can be derived as

M(q)éj+0(q7Q)Q+G(q)+rd::r=[T’"]zlAmT] (3.22)

Ta Ta

where ¢ € R"™™ ¢ € R™"™ and ¢ € R"™™ represent the vectors of generalized coordinates,
velocities, and accelerations, respectively. M(q) € RM™+™x+m) denotes the combined
inertia matrix, C(q,q) € RF™)*+m) represents the combined Coriolis and centripetal
matrix, and G(¢q) € R"™™ denote the gravitational vector, respectively. 7, € R and
7 € R™™ denote the vector of unknown bounded disturbances and forces/torques in
generalized coordinates, respectively. Eq. (3.22) is the inverse dynamics model of the
HCDR.

Since the inertia matrix M is symmetric and positive definite [68], then the forward
dynamics can be computed as

Ta

i=@ (| 0| - cii-c0-n) (3:23)

where the cable tension 7" and robot arm joint torque 7, are inputs.

Additionally, (3.22) can be arranged as

e v ][] ey Gt ]

dm Gm(Qm) Tmd AT
. + + = 3.24
|: da } [ Ga(Qa) :| |: Tad :| [ Ta ( )
where (+),, € R” and (+), € R™ represent the vector of the mobile platform variables and

the robot arm variables, respectively. It is clear that this equation includes the dynamics
of the CDPR and the mounted robot arm.

In summary, the key benefits of the proposed modeling method can be highlighted as
follows: 1) The derivation of the equations of motion (e.g., (3.10)—(3.16) and (3.21)) and
the proof of (3.16) provide a very effective way to formulate the generalized dynamics
model. 2) Traditionally, based on the Standard Denavit-Hartenberg (DH) method [31],
a revolute joint must rotate about its Z-axis. The proposed method relaxes this limiting
condition, i.e., it is unnecessary to follow DH configurations, and can be applied to any

27



coordinate frames (e.g., about X-axis, Y-axis, or Z-axis), including revolute and prismatic
joints. 3) The above modeling approach in this section can be easily extended to other
types of hybrid robots by changing structure matrix A,, in (3.5) based on the desired
configurations, e.g., a robot arm(s) mounted on an aircraft platform [106, 90].

3.1.3 Redundancy Resolution

Cable-driven robots (as shown in Figure 3.1) can be categorized into one of two classes:
under-actuated and fully-actuated robots [108, 10, 67]. The first class of robots denotes
the number of driven cables N is less than the number of DOF of a robot n, ie., N <
n; the second class of robots represents the number of driven cables N is no less than
the DOF of a robot n, i.e., N > n. Then, the value of (N — n) represents the DOR.
When redundancy exists, there are infinite solutions for inverse kinematics, which make
the motion planning challenging [102]. Usually, redundancy resolution problems are more
general for cable-driven robots and can be solved only using a pseudo-inverse approach [27],
but the obtained solutions are not usually optimal. Some other approaches were also
proposed, such as a combination of pseudo-inverse and null-space method [27, 76, 18],
damped least-squares approach [05], and energy-based method [65]. In this chapter, the
combined method in [27, 76, 18] is adopted to tackle the redundancy resolution problem.

When ¢, Gm, and G, are given, 7,, = A,, T can be computed using (3.9) or (3.22).
Then, the cable tension T is calculate as

T =Arm, = AL (A, ALY 7, (3.25)

where A} = Al (A,,AL)~! represents the pseudo-inverse of matrix A,. In (3.25), the
elements of the cable tension 7' € RY may be negative. However, in practice, they cannot
drive the mobile platform if they are negative. The redundancy resolution of the cable
tension 7" can then be formulated as

T = AT (A, ALY 17, + Nad (3.26)

where Ny € RV*(V=7) represents the null space of structure matrix A,, (A, is calculated
using (3.5)), and A € RY~" is a vector of arbitrary values. In (3.26), Na\ belongs to
the null space of A,,, since it can be described as A,, (Na\) = (A, Na)A = 0. The
expression N4\ denotes antagonistic cable tensions. The cable tension T increases if all
the antagonistic cable tensions are positive. Hence, the vector A can be optimized (e.g.,
using the stiffness optimization method in the next section) to ensure that all the cable
tensions are positive.
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3.1.4 Stiffness Optimization

To solve the above problem of selecting A, a stiffness maximization method is proposed in
this section. Consider the same condition as (3.25), the stiffness matrix K is defined as

Cd(AT)  dA, i dA, dT
Ke==0p = =ap, L Tmap, = ap, L T 4n (d_L>
AL\ dA,, .
(E) = ST AnKAT = Ko+ K (3.27)

where Py, := [Pma, Dy, Pmzs Qms Bms Ym)? € R, T, and L represent the position and orien-
tation of the center of mass of the mobile platform, cable tension vector, and cable length
vector, respectively. Matrices K and Kj are a product of the cable tensions and cable
stiffness, respectively, where K, = 4 = diag (ko1, kea, -+ o keir -, ken) € RN and ke
denotes the ith cable stiffness (same as (3.8)).

Usually, K is obtained at static condition for ease of stability. In this case, if (3.27)
is expanded in terms of the kinematic parameters L;, L;, and r;, the matrices K and K}
can be described as [18]

N A A A A
T, [ I—-LLT (I — L;LT)[r;]"
=30 I

-2 [0 i 52

and
al LT LLT[r]"
Ky=) ke P P 3.29
=2 it et (8.29)
where
0 —(R;”ri)?)’l (R;”rz)m
[Tz] = (R‘eri)?’,l 0 _<R;nri)1’1 (330&)
_(R;nri)2,1 (R§'ri), 0
0 —Li, Ly
_Liy sz O



with 7, = [Tix,riy,riz]T,f/i = [f)ix,iiy,f/iz]T, and [ is the identity matrix. Egs. (3.28)
and (3.29) are equivalent to the results of the four-spring model proposed by Behzadipour
and Khajepour [18]. They proved that a static cable-driven robot is stable if the stiffness
matrix K is positive definite (sufficient condition). In addition, elements of K} cannot be
controlled, because they are the property of the cables. Hence, the stiffness of HCDR can
only be changed by optimizing K.

Additionally, combining (3.26) and (3.27), one can get

dA,, dA,, _
+ A, K AL (3.31)

Since K is positive definite (or positive semidefinite), the maximum stiffness is deter-

mined by its eigenvalues [66, 59, 11]. Hence, the optimization problem can be described as
max Jx = eig(K(\)" Hyeig(K () (3.32a)
. N AT
s. t. M(q)§+C(q,q) ¢+ G(q) + 1a= i (3.32b)
™ dA,, T_1
+ A K AL (3.32¢)

Ogﬂmingﬂgﬂma}ca 221727 7N (332d)
where T;, T;min, and T} . represent the ¢th cable tension, minimum and maximum al-
lowable tensions, respectively. H), denotes the stiffness weighting matrix. To ensure the
stability of a HCDR in practical applications, some alternative strategies can be adopted
as follows: 1) optimizing its trajectory to keep all the eigenvalues of K positive and 2) lim-
iting the maximum payload [1&]. Compared to existing stiffness optimization approaches
in [57, 76, 52, 53], (3.32a) is introduced by combining the eigenvalues of K and weighting
matrix H) so that one can optimize the system stiffness based on specific needs (by tuning
H,). Meanwhile, (3.32) can be applied to not only CDPRs but also HCDRs.
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Figure 3.2: Configuration of the 9-DOF HCDR-1. The mobile platform is driven by four
actuators with 12 cables; the robot arm has three joints with the first, second, and third
joints rotating about Z,o-, Ya1-, and Yjs-axis (i.e., the corresponding moving frames),
respectively.

3.2 In-Plane System Modeling

3.2.1 Configuration and Kinematic Constraints

To analyze the generalized HCDR motion model in section 3.1 and study its control perfor-
mance, a HCDR example, namely, HCDR-1 is given in Figure 3.2. The proposed full model
of the HCDR-1 has 9 DOFs (the CDPR parameters come from [76, 93, 95]), which consists
of a 3-DOF robot arm (i.e., m = 3), a 6-DOF mobile platform (i.e., n = 6), twelve cables,
and four servo motors. The 3-DOF robot arm has three revolute joints, rotating about
Z-axis (joint 1 frame), Y-axis (joint 2 frame), and Y-axis (joint 3 frame), respectively. The
actuators are used to drive the cables to move the mobile platform. The robot arm is fixed
on the mobile platform and moves with it. The twelve cables include four sets of cables:
two sets of four-cable arrangement on the top and two sets of two-cable arrangement on the
bottom. The driven cable mount locations the HCDR-1 are shown in Table 3.1. Each set
of cables is controlled by one motor. In addition, the top actuators and bottom actuators
control the upper cable lengths and lower cable tensions, respectively. The upper cables
also restrict the orientation of the mobile platform, i.e., introduce kinematic constraints.
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Table 3.1: Driven Cable Mount Locations of HCDR-1

N i (m) ay(m) a(m) r(m) ry, (m) . (m)

1 1.500 0.000 0.500  0.153  -0.065  0.048
2 1.580 -0.065 0404 0.233  0.000 -0.048
3 1.500 0.000  -0.500  0.223  -0.088 -0.017
4 -1.500 0.000 -0.500 -0.223 -0.088 -0.017
5 -1.580 -0.065 0404 -0.233 0.000 -0.048
6 -1.500  0.000 0.500  -0.153 -0.065  0.048
7 1.500 0.000 0.500  0.153  0.065  0.048
8  1.580 0.065 0.404  0.233  0.000 -0.048
9 1.500 0.000  -0.500  0.223  0.088 -0.017
10 -1.500  0.000  -0.500 -0.223  0.088  -0.017
11 -1.580  0.065 0.404 -0.233 0.000 -0.048
12 -1.500  0.000 0.500  -0.153  0.065  0.048

In addition, the inertial coordinate frame O {xq, yo, 20} is located at the center of the static
fixture.

Additionally, other HCDR-1 parameters are shown in Table 3.2, where m,, and I,
represent the mass and moment of inertia of the mobile platform, respectively. m,; and
I; {VjeN:1<j<3}) respectively denote the mass and moment of inertia of robot
arm links. Also, T and Tjpax ({V i € N : 1 <4 < 12}) represent the minimum and
maximum allowable cable tensions, respectively. The sizes of the static fixture (e.g., {5)
and mobile platform (e.g., ly;), body-fixed positions (e.g., [Za0;, Ya0j> 2a0;]” ), and etc. are
also given in Table 3.2.

3.2.2 Equations of Motion

By applying the modeling method in section 3.1, the detailed equations of motion can be
derived for the specific 9-DOF system (see Appendix A.1), where ¢ = [Dima, Pmys Pmzs Om,
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Table 3.2: HCDR-1 Parameters

Symbol Values Symbol Values
L 3.160 m Lsn, 1.000 m
Ly 0.365 m lyw 0.130 m
lbn 0.096 m lm [0,0,0.048]" m
Mg 0.400 kg I, diag([0.100, 0.100,0.100]) kg - m?
[T acoj> Yacos zacoj]T [0,0,0.050]" m (%405 Ya0;> zaoj]T [0,0,0.100]" m
My, 10.000 kg I, diag([0.0218,0.1187,0.1251]) kg - m?
BA; 100 N (Timins Tionas] [5,80] N
g 9.810 m/s?

ﬁm;%n, 6)(1170&279(13]%;1 c R6+37 j € R6+3, j € R6+3’ M(q) c R(GJrZS)><(6Jr3)7 C(q, Q) c
RO+3Ix(6+3) G (q) € RO*3 75 € ROH3 7, € RO 7, € R3, A, € R*2 and T € R'2
However, because of the kinematic constraints, the system is fully controllable in gz
plane, then the 9-DOF HCDR-1 is simplified as a 5-DOF in-plane system. The new control
inputs are defined as u 1= (U, uq) = [T3, T4, Taz, Taz]” € R, where u,, = [T3,Ty]" € R?
denote the lower cable tensions (two sets of two-cable arrangement on the bottom), i.e., T}
(driven by actuator 3) represents cable tensions 4 and 10, and 7y (driven by actuator 4)
denotes cable tensions 3 and 9 (shown in Figure 3.2). u, = 7, = [Ta2, Ta3]’ € R? represent
input torques corresponding to the second and the third joints of the robot arm. For the
simplified 5-DOF HCDR-1, the CDPR has more actuators (4 actuators) than the total
DOFs (3 DOFs), and the robot arm has an equal number of actuators to its total DOFs
(2 DOFs). Then, (3.23) can be expressed as

2(t) = fz(t), u(t), (Loi(t), Loa(2))), 2(0) = zo (3.33)
where @ 1= [Pizs Pmas Prmzs Pz Bms Bms Oazs Oazs Ous, Bas]T € RO represents the state vector,
u € R* denotes the control input vector, Ly and Lg, represent the upper unstretched
cable lengths (the two sets of four-cable arrangement on the top), respectively, i.e., Ly
(driven by actuator 1) denotes unstretched cable lengths 5, 6, 11, and 12, and Ly, (driven
by actuator 2) represents unstretched cable lengths 1, 2, 7, and 8 (as shown in Figure 3.2).
xo € R1Y is the initial state vector and ¢ > 0.

By linearizing (3.33) around the reference states x,. and control inputs u,, the continuous
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time state-space representation (Linear Time-Varying System (LTV)) can be described as

(t) = A(t)x(t) + B(t)u(t) + B(t)w(t)

3.34
(1) = C(D2(1). 2(0) = 2y (834

. . of (z,u
with the output vector y(t) € R matrices A(t) = % € R0 B(t) =
Utww) € RO and C(t) = I € R0 () = (wp(t), wa(t)) € R* are the white

T=Tr , U=Uyp
noise vector with zero mean Gaussian, where w,,(t) € R? and w,(t) € R? are the noise
vectors to the CDPR and robot arm, respectively.

Additionally, for the specific HCDR-1, the upper four cables are used for position

control and the lower cables are used to set cable tensions. Hence, the specific stiffness
12

matrices (3.28) and (3.29) can be rearranged as Kr = Y _ (+) and K} = > (),
i=1 i€{1,2,5,6,7,8,11,12}
respectively.

3.3 Decoupled System Modeling'

3.3.1 System Setup

System modeling is based on the HCDR-2 platform [57, 76, 93, 95, 30] (shown in Figure 3.3),
which consists of a mobile platform, twelve cables, four servo motors, and two 1-DOF
pendulums. The HCDR-2 model corresponding to the actual system is shown in Figure 3.4.
The actuators are used to drive the cables to move the mobile platform in the X-Y plane
(i.e., in-plane moving). Twelve cables include four sets of cables: two sets of a four-cable
arrangement on the top and two sets of a two-cable arrangement on the bottom. Two
pendulums (which are mounted on the mobile platform and rotate about its body-fixed
X-axis) are used to eliminate undesired out-of-plane moving. The driven cable mount
locations of the CDPR are shown in Table 3.3, where r; 1= [ry, 7y, ri.]7 € R denotes the
position vector of the ¢th cable anchor point on the mobile platform with respect to the
body-fixed frame {O,,}; a; := [aiz, @iy, a;;]7 € R? represents the position vector of the ith
cable anchor point on the robot static frame with respect to the coordinate frame {O}; and
N is the total number of cables. Each set of cables is controlled by one motor. The top

!Parts of this section have been published in [92]. © 2019 Elsevier B.V.: “As the author of this Elsevier article,
you retain the right to include it in a thesis or dissertation, provided it is not published commercially. Permission is not
required, but please ensure that you reference the journal as the original source.”
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Figure 3.3: The prototype of HCDR-2. The mobile platform is driven by four actuators
with 12 cables moving in X-Y plane (i.e., in-plane moving); two pendulums (mounted
on the mobile platform and rotates about its body-fixed X-axis) are used to eliminate
undesired out-of-plane moving (e.g., vibrations).

actuators and bottom actuators control the upper-cable lengths and lower-cable tensions,
respectively. The upper cables also restrict the orientation of the mobile platform, i.e., the
kinematic constraints. In addition, the inertial coordinate frame O {xq, yo, 20} is located
at the center of the static fixture, coordinate frame {O,,} is located at the center of mass
(COM) of the mobile platform, and the pendulums’ body-fixed X-axes are parallel to the
X-axis of frame {O,,} and located in the X-Y plane of frame {O,,}.

The main idea and benefits of actuating multi cables by means of a single motor are
as follows: 1) increasing payload capability and mechanical strength (in comparison with
a single cable) and 2) providing constraints to eliminate motions in specific directions
(e.g., the mobile platform rotation about its Z-axis). More details about the cable-driven
platform design are given in [57]. Optimization problems in design and workspace analysis
(e.g., [2, 20]) are also talked in [57, 706].

Moreover, other HCDR-2 parameters are shown in Table 3.4, where m,, and I,, rep-
resent the mass and moment of inertia of the mobile platform, respectively. m,, and I,
{V k € N: 1<k < 2}) respectively denote the mass and moment of inertia of the
pendulums. Also, Tjmin and Tjmax ({Vi € N : 1 < i < 12}) represent the minimum and
maximum allowable cable tensions, respectively. The sizes of the static fixture (e.g., ;) and
mobile platform (e.g., ly), body-fixed positions (e.g., [0k, Ypoks 2p0k) " s [Tpcoks Ypcoks Zpeok)
{VkeN:1<k<2}) and etc. are also given in Table 3.4.
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Figure 3.4: The schematic with frames assignment of the actual system in Figure 3.3.

3.3.2 Whole-Body System Modeling and Model Decoupling

Consider the HCDR-2 (in Figure 3.4) with a cable-driven parallel robot (mobile platform)
and two 1-DOF pendulums. In this case, the general dynamic model can be described as

M@i+Cladi+Ga+m=7] =] (3.35)

p Tp

where q = [pmmpmyapmz;amaﬁm77m79p17‘9p2]T € R6+2; q € R6+27 and q S R6+27 rep-
resent the vector of generalized coordinates, velocities, and accelerations, respectively.
P = [Pma, Pmys Pmz|” € R? is the position vector of the coordinate frame {O,,} with re-
spect to the coordinate frame {O}, and [y, Bm, Ym]? € R? (the orientations of the mobile
platform about X-, Y-, and Z-axes, respectively) are Euler angles. M (g) € R(6+2)x(6+2)
denotes the combined inertia matrix, C (g, ¢) € R6+2*(6+2) represents the combined Cori-
olis and centripetal matrix, and G(q) € R5*2 denote the gravitational vector, respectively.
1a € RO 7, € R% and 7, € R? are unknown bounded disturbances, forces/torques of
the mobile platform, and forces/torques of the pendulums in generalized coordinates, re-
spectively. A,, € R!2 and T € R!? represent the structure matrix and cable tensions,
respectively.
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Table 3.3: Driven Cable Mount Locations

N @iz, iy, aiz]" (m) iy Tiys 72| ()

1 [1.500,0.500,0.000]T [0.153,0.048,0.065]T

2 [1.580,0.404,0.0657  [0.233, —0.048,0.000]"
3 [1.500,—0.500,0.000]"  [0.223,—0.017,0.088]"
4 [-1.500, —0.500, O.OOO}T [—0.223, —0.017, 0.088]T
5 [~1.580,0.404,0.0657  [~0.233,—0.048, 0.000]"
6  [-1.500,0.500,0.000]"  [~0.153,0.048,0.065]”
7 [1.500,0.500,0.000]"  [0.153,0.048, —0.065]
8 [1.580,0.404, —0.065]7  [0.233, —0.048,0.000]7
9 [1.500,—0.500,0.000]"  [0.223, —0.017, —0.088]"

10 [-1.500,—0.500,0.000]7 [-0.223, —0.017, —0.088]”
11 [-1.580,0.404,—0.065]7  [—0.233, —0.048, 0.000]"
12 [-1.500,0.500,0.000]7  [-0.153,0.048, —0.065]"

In (3.35), A,, is determined by the position and orientation of the mobile platform:

Ll . le
1 122
A = o \ (3.36)
R;n Ty | X Ll cee R;n T12y | X L12
1z 7122

where the rotation matrix R}' = Ry () Ry (Bm) Rar (ym) € SO(3). Let the ith cable-length
vector Ez = [aizvaiwaiz]T - [pmmypmyapmz]T - R;n[riwariyvriz]’ra {V’L € N : 1 S 1 S 12}7
with L; € R3 denotes the position vector from the ith cable anchor point on the robot

static frame to the ith cable anchor point on the mobile platform. Then, the ith cable
length Lz = || [aiza iy a'iz]T - [pmxapmyapmz]T - R;n [riza Tiys Tiz]T||' Finall)/7 n (336)7 the ith
unit cable-length vector L; := é— = [f)m f}iy, f}iz]T € R3.

When the redundancy resolution and optimal stiffness problems are introduced, one
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Table 3.4: HCDR-2 Parameters

Symbol Values Symbol Values
I 3.160 m L 1.000 m
lbl 0.365 m lbw 0.130 m
Lo 0.096 m I [0,0.048,0]7 m
M, 12.200 kg I, diag([0.0218,0.1187,0.1251]) kg - m?
EA; fori=1,2, [Timins Timax)s
24900 N [5,80] N
5,6,7,8,11,12 fori=3,4,9,10
Mp1, Mp2 0.640 kg Ly, Ip 7.012¢* kg - m?

[%01» Ypo1, ZpoﬂT

T
[‘rpCOk s YpcOk s chOk]

[—0.175, —0.100, 0] m

[0, —0.050, 0] m

[%027 Yp02, Zpoz]T

g

[0.175, —0.100, 0T m
9.810 m/s?

can get

max
A

Jx = eig(K ()" Hyeig(K()\))

M @i+ Clad)i+ G+ Bi+ = |7

K(\) = (dA—’”NA

dP,,
+ A, K A"

o s

T;

) A+ %Aﬁ(AmATTn)_ITm

AP,

for 1 = 3,4,9,10
Ogﬂmingﬂéﬂmax, 12172, 712

(3.37a)
(3.37h)
P
(3.37¢)
fort:=1,2,5,6,7,8,11,12 (3.37d)
(3.37¢)

where T}, T; i, and T; . represent the ¢th cable tension, minimum and maximum allow-
able tensions, respectively. H) denotes the stiffness weighting matrix. EFA; is the product
of the elastic modulus and cross-sectional area of the ith cable, and Ly; denotes the ith un-
stretched cable length. T; = T;, for ¢ = 3,4, 9,10, indicates the direct input of lower-cable
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tensions. The actual viscous damping matrix [92, 30] is

0000 0 0 0 0
0000 0 0 0 0
0000 0 0 0 0
0004 0 0 0 0
Be=10 00001 0 0014 0014 (3.38)
0000 0 001 0 0
0000 0 0 0014 0
0000 0 0 0 0.014]

More details about the derivation of (3.35) are provided in Appendix A.2. Eq. (3.37)
shows the complete nonlinear dynamic model including constraints and optimization prob-
lems. To analyze and implement the model and control (e.g., via experiments in real time),
one of the goals is to simplify the model (e.g., simplify inputs and decouple the higher di-
mensional model into lower ones). First, the control inputs are defined as (due to the
kinematic constraints) u := (U, up) := [T3, Ty, Tp1, Tpo)? € RY, where u,, = [T3, 747 € R?
denote the lower-cable tensions (two sets of two-cable arrangement on the bottom), i.e., T3
(driven by actuator 3) represents cable tensions 4 and 10, and Ty (driven by actuator 4)
denotes cable tensions 3 and 9 (shown in Figure 3.4). u, = 7, = [71, T,2]” € R? represents
the input torques of the two pendulums. Hence, (3.35) or (3.37b) can be expressed as

'T(t) = f(l’(t), u<t)7 (LOl(t)v LO?(t)))v JZ(O) =T € R' (339)

where z := [pmmapmma pmy7pmyapmza pmz, Oms dm7 Bm’ ﬁma Tm; 77717 epla epla 9}227 ‘gpQ]T € RlG rep-
resents the state vector, u € R* denotes the control input vector, Ly, and Loy represent
the upper unstretched cable lengths (the two sets of four-cable arrangement on the top),
respectively, i.e., Lo (driven by actuator 1) denotes unstretched cable lengths 5, 6, 11, and
12, and Lgy (driven by actuator 2) represents unstretched cable lengths 1, 2, 7, and 8 (as
shown in Figure 3.4). ¢ is the initial state vector, and ¢ > 0. Additionally, the upper
four cables are utilized for position control (i.e., given Lg; and Lo directly) and the lower
cables are used to set cable tensions (i.e., control T3 and T}).

Second, by linearizing the nonlinear system in (3.39) around the reference/nominal
state vector x, and control input vector u,, the continuous time state-space representation
can be described as

x(t) = A(t)x(t) + B(t)u(t) + B(t)w(t)
y(t) = C(t)x(t), z(0) = zo (3.40)
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with the output vector y(t) € R, matrices A(t) = 2z € RII6. B(t) =

or
=T Uu=Ur

Of (z,u) € R16x4 and cit)y=1Ic¢€ R16%16 w(t) = (wm(t),wp(t)) € R* are process

ou
T=Tp,U=Ur
noise vectors, where w,,(t) € R? and w,(t) € R? are noises to the mobile platform and
pendulums, respectively.

Third, the cable-driven mobile platform shown in Figure 3.3 is a planar system, and
the kinematic constraints and high stiffness of the cables result in small values for 7,
and f,, to be very small (i.e., close to zero). Also, the pendulums’ body-fixed X-axes
are parallel to the X-axis of frame {O,,} and located in the X-Y plane of frame {O,,},
which indicates the motions of the pendulums have small impact on the motion in the X-Y
plane. Hence, one can divide the 16 states (in (3.39)) into two parts: in-plane states (i, :=

[me; pmxy pmya pmya 'Yma ’Ym]T € R6) and out—of—plane states (xoutp = [sz, sz, Oy, dma ﬂma ﬁm7
Op1,0p1,0p2,00]" € R). Then, (3.40) can be rearranged as

i) s [ 0] 1 g [ 18] 1 g [ or)]

Toutp(t) Toutp(t) Uoutp(t) Wouty (1)
BZZZ((tt))} =Ct) [;Z;(tt))} ’ Bn;((%))} = [f";ﬂ (3.41)

where in-plane and out-of-plane control inputs w;,, = [T3, Ty]" € R?, tpup = [Tp1, Tpo)” €
R2, respectively.

For example, for an equilibrium point (i, = 0, Toutp = 0, Uimp = [80,80]", Uouyy =
[0,0]7), the matrix A is computed as

0.0 1.0 0.0 0.0 0.0 0.0({00 00 00 00 00 00 00 00 00 00
0.0 00 00 00 254 0000 00 00 00 00 00 00 00 00 00
0.0 0.0 0.0 1.0 0.0 0000 00 00 00 00 00 00 00 00 00
0.0 0.0 0.0 0.0 0.0 0000 00 00 00 00 00 00 00 00 00
0.0 0.0 0.0 0.0 0.0 1.0/00 00 00 00 00 00 00 00 00 0.0
0.0 00 0.0 00 —22373 00|00 00 00 00 00 00 00 00 00 00
0.0 0.0 0.0 0.0 0.0 00(00 1.0 00 00 00 00 00 00 00 00
0.0 0.0 0.0 0.0 0.0
0.0 0.0 0.0 0.0 0.0 00({00 00 00 10 00 00 00 00 00 00
0.0 0.0 0.0 0.0 0.0 0.0(00 00 -39 00 00 00 40 00 40 00
0.0 0.0 0.0 0.0 0.0 0000 00 00 00 00 1.0 00 00 00 00
0.0 0.0 0.0 0.0 0.0 0000 00 00 00 —0.0 00 —43 00 43 00
0.0 0.0 0.0 0.0 0.0 0000 00 00 00 00 00 00 1.0 00 00
0.0 0.0 0.0 0.0 0.0 0000 00 -1370 0.0 0.0 0.0 -161.0 0.0 —-3.8 0.0
0.0 0.0 0.0 0.0 0.0 00(00 00 00 00 00 00 00 00 00 10
0.0 0.0 0.0 0.0 0.0 0.0]00 00 -1370 0.0 00 0.0 -3.8 0.0 —161.0 0.0
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=]
o
o
o
o
o
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o
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_ |Aun die] (3.42)
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Figure 3.5: Ranks of A5 and A, in a feasible region {-02m < pp, <02m,—0.1m <
Pmy < 0.1 m}.

In (3.42), it is clear that both Aj, and Ay are equal to zero (or very close to zero
by using numerical computation); hence, (3.41) can be decoupled into in-plane model
and out-of-plane model. A verified example provided in Figure 3.5 shows that the ranks
of Ay and Ay are always zero (indicating they are zero matrices) in a feasible region
{-02m < pp, <0.2m,—0.1 m < p,, < 0.1 m}. Furthermore, it can be easily verified
that the two subsystems are fully controllable around the equilibrium point using (3.41) and
(3.42). The proposed method (in the form of (3.41)) can also be extended to other HCDRs
or CDPRs based on their specific configurations. In subsection 3.3.3 and subsection 3.3.4,
one can develop the corresponding models, respectively.

3.3.3 Model Decoupling: In-Plane Kinematic Constraint Vibra-
tion Model

Suppose three in-plane states ppe = Dmar + 0Pmzs Dmy = Pmyr+0Pmy, and Y = Ymr +
0Ym, Where Diar, Dmyrs Ymr represent reference/nominal states (rigid body motion), and
OPmz> OPmy, 0Ym denote small changes or perturbations (vibration motion). 7, is equal
to 0 (equilibrium point) due to the in-plane kinematic constraints. Using the first order
Taylor series expansion [52, 53] to derive (3.37b), then the in-plane vibration model is
obtained:

5T3} (3.43)

Minp (%npr)(sqmp + Kinp (qmpr; T3opt; T4opt)5q1np = Bu (Qinpr) |:(ST4
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with 5‘]an = [5pmxa5pmy757m]T7 5C:iinp = [6pmx>6pmy757m]Ta and Bu(anpr) = Am[1,2,6][3,4}~
Kinp(Qinprs Taopts Taopt) represents the optimal stiffness matrix (computed using (3.37¢)).
Then, the linearized in-plane vibration model can be described as

Of (Tinp,Winp) Of (Tinp,Uinp) 6x6 1
A. — wnprUinp B — wnprLinp aIld . — I R X Wlth
mp axinp Tinp=ZLinpr ! mp aUinp Tinp=%TLinpr ! Cznp <

Uinp=Uinpr Winp=Uinpr

OZinp = [0Dmas ODma» OPmys OPmys 0Ym, 0Ym)” and S, = [0T53, 6Ty)".

3.3.4 Model Decoupling: Out-of-Plane Underactuated Dynamic
Model

The decoupled out-of-plane model can be derived from (3.41) directly. Since two pendu-
lums are used to eliminate undesired out-of-plane moving (e.g., disturbances) and kine-
matic constraints make the values of the out-of-plane states small, then the simplified
state-space model can be obtained around the equilibrium point (zeuy, = 0), i.e., Ay =

Of (Toutp,Uoutp) _  Of(@outp,Uoutp) — 10x10 : —
Doy Couty=0" Bouy = D Couty=0 and Coyp = I € R with Touy =
uoutp:() . . . uoutp:()
. . T _ T
[pmza Pmzy, Cmy Oy, 6m7 Bma 9p17 9])17 91)2; 9;)2] and Uoutp — [Tph Tp2} . The out—of—plane model
is an underactuated subsystem since it has a lower number of actuators (two 1-DOF pen-

dulums) than the total DOFs (5 DOFs) of motion.

3.4 Out-of-Plane System Modeling

3.4.1 System Setup

The proposed HCDR-3 (shown in Figure 3.6) consists of a mobile platform, two 1-DOF
pendulums, a 1-DOF slider, and 12 driven cables, and can realize in-plane motion and
out-of-plane motion. The mobile platform and cable arrangements are the same as that of
HCDR-2 shown in subsection 3.3.2.

The proposed underactuated mobile manipulator (UMM) (in Figure 3.6), a subsystem
of HCDR-3, can only realize out-of-plane motion. Since the motion of the slider mainly
affects out-of-plane vibrations, in-plane motion is not considered in this section. The UMM
consists of a mobile platform, two pendulums, and a linear slider (with the schematic
with frames assignment shown in Figure 3.7). Two pendulums (mounted on the mobile
platform and rotates about its body-fixed X-axis) are used to eliminate undesired out-of-
plane motion, and the linear slider (with load mass moving along its body-fixed Z-axis)
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Underactuated Mobile Manipulator

Figure 3.6: The proposed underactuated mobile manipulator (UMM) consists of a mobile
platform (MP), two pendulums, and a linear slider. The mobile platform is driven by four
actuators with 12 cables moving in the X-Y plane (i.e., in-plane moving); two pendulums
(mounted on the mobile platform and rotates about its body-fixed X-axis) are used to
eliminate undesired out-of-plane motion; and the linear slider (with load mass and moves

along its body-fixed Z-axis) is used for operations. The above components constitute
HCDR-3.

is used for operations such as pick-and-place. The slider is actuated by a stepper motor
and the slider’s actual position p; is obtained in real-time by an optical encoder mounted
on the motor shaft. Meanwhile, the stepper motor is commanded in speed control mode,
i.e., the command to the stepper motor is velocity. The UMM (in Figure 3.6) motion for
experiments utilizes a Beckhoff Embedded PC (CX2040).

In Figure 3.7, the inertial coordinate frame O {xq,yo, 20} is located at the center of
the static fixture, coordinate frame {O,,} is located at the center of mass (COM) of the
mobile platform, and the pendulums’ body-fixed X-axes are parallel to the X-axis of frame
{Oy,} and located in the X-Y plane of frame {O,,}. The UMM parameters are given in
Table 3.5, where m,, and I,, represent the mass and moment of inertia of the mobile
platform, respectively. my and I, ({V k£ € N:1 <k < 2}) respectively denote the mass
and moment of inertia of the pendulums. The sizes of the static fixture (e.g., l;) and
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Figure 3.7: The schematic with frames assignment of the actual system in Figure 3.6. (a)
The slider (with load mass) is mounted on the mobile platform; (b) zoom-in view of the
pendulum; and (¢) Y-Z view of the slider.

Y

mobile platform (e.g., ly;), body-fixed positions (e.g., [0k, Ypoks 2p0k] " [Tpcoks Ypcoks Zpeok) -

(750, Ys0, 2s0) T ), ete. are also given in Table 3.5.

It is worth mentioning that the proposed UMM is an underactuated system since it
has fewer actuators (two 1-DOF pendulums and a 1-DOF slider) than the total DOFs (6
DOFs) of motion.

3.4.2 Equations of Motion of the UMM

In Figure 3.7, the inertial coordinate frame {O} is assumed fixed to the base/ground.
Coordinate frame {O,,} is located at the center of mass (COM) of the mobile platform.
P = [Pma» Pmys Pm=]” € R® represents the position vector of the coordinate frame {O,,}
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Table 3.5: Parameters of the UMM

Symbol Values Symbol Values
Iy 3.160 m Ln 1.000 m
L 0.365 m lbw 0.130 m
lpn 0.096 m g 9.810 m/s?
M 12.200 kg I diag([0.1021,0.167, 0.1251]) kg m?
Mp1, My 0.640 kg I, I 7.012¢7* kg m?
ms 2.121 kg" I, diag([0.1258¢2, 0.3818¢2,0.3979¢2]) kg m?
[Zpo1, Ypo1, zpon]T [—0.175,—0.100,0]" m  [2p00, Ypo2, 2p02] " [0.175, —0.100, 0]7 m
[T peoks Ypcoks Zpeok) - [0, —0.050,0]T m [750, ¥s0, 2s0] T [0,0.134,0]T m
K, 1250 N/m K., 145 Nm/rad
Kg,, 710 Nm/rad Ko, 100 Nm/rad
B, 4 Ns/m B, 0.1 Nms/rad
Bg,, 0.01 Nms/rad B, 0.014 Nms/rad
B, 12.9625 Ns/m s 1.6968e 2

“The net mass of the slider and the load mass are equal to 0.778 kg and 1.343 kg, respectively.

with respect to the coordinate frame {O}. By assuming the Euler angles [, B, Ym]? € R?
(the orientations of the mobile platform about X-, Y-, and Z-axes, respectively), the
rotation matrix (e.g., X — Y’ — Z” order as below) is computed as

R = R (am) Ry (B ) B (). (3.44)
The angular velocity w,, of the frame {O,,} is calculated as
wm = [Ry' " [ém, 0, 0 + R TR2ITIO0, B, OF + R3]0, 0, 4] (3.45)

wherfe rotation matrices Rj\0 = Ry (8,) and R} = R.r(7m) calculated from (3.44).

Gy Bm, and 4, are the time-derivatives of v, 5y, and ~,,, respectively. Eqgs. (3.44)
and (3.45) are obtained using (3.1) and (3.6b), respectively.

Then, the COM (of the links) positions are computed as

Ppcl = DPplo T R?Rx(epl)[xpcola YpeOl, chm]T (3.46a)
pch = pp20 + R?RZ’(QZ)Q) [xpcOQa ypcOQa chOQ]T (346b)
Psc = [pmx;pmy7pmz]T + Rzn([xsm Ys0, ZSO]T+[O7 Ovps]T) = De (346C>
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where the joint position vectors are described as py1, = [Pmas Dy me]T—i—RZI (%01, Ypo1, Zpo1] "
and ppa, = [Pmas Py Pmz)” + Ry (%02, Ypo2, Zpo2)* - Pe denotes the position vector of the
slider.

The COM linear velocities and angle velocities (of the links) are calculated as

Upel = ppcl (347&)
Upe2 = ppCQ (347b)
Vse = psc (347C)
and
Wpel = (Rx(6p1)>Twm + [épla O; O]T (348&)
wpc2 - (Rx(epQ))Twm + [ép% 07 O]T (348b)
Wse = W (348C)

where the corresponding parameters are shown in Figure 3.7 and Table 3.5. Substituting
(3.46)—(3.48) into (3.49) and (3.50), the total kinetic and gravitational potential energies
are calculated as

1 1

KE - §mm[pmx7pmyapmz][pmxapmyapmz]T + §wqqulmwm

2
1
T T
+ 5 E {mpkvpckvpck + wpck[pkwpck}

k=1
+ ML vge + wk Tw,e (3.49)
and
2
Vi = MimGPmy + Y {mpkgp,fck[(), 1, O]T} +mgpl[0,1,0]" (3.50)
k=1

where g represents the gravity acceleration.

The Lagrangian Lg is obtained by substituting (3.49) and (3.50) into (3.19). Then,
the generalized force 7; applied to the dynamic system at joint j to drive link j can be

described as
7= { lV ((VLEQ)].)J e [V ((VEw),) } i

q

— (VLEq)j}, (VjeN:1<;<6} (3.51)
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where V(-), and V(-), are defined as the gradient vectors of (-) with respect to the vectors
q and ¢, respectively. (3.51) can also be arranged into a general form:

0
M(q9)i+C(q:4)qd+G(q) + Fx + Fp+ Frri+1a= |7 (3.52)
Js

where ¢ = [Pz, @m, By Op1, Op2, ps)T € RS, ¢ € R®, and G € R® represent the vector of gen-
eralized coordinates, velocities, and accelerations, respectively. M (¢) € R®*® denotes the
combined inertia matrix, C'(q,q) € R%*6 represents the combined Coriolis and centripetal
matrix, and G(q) € R® denote the gravitational vector, respectively. 7, € R°, 7, € R?, and
fs € R are bounded disturbances, input torques of the pendulums, and input force of the
slider in generalized coordinates, respectively. The elastic force vector is

KmeZ

Kam O, + Kzampmz
P — Kﬂgﬁm , (3.53)
0

0

damping force vector is

szmz
Ba,, tm + Bpe_pl + Byl
Bg,.p
Fg= Bm om , (3.54)
Bpe_pl
Byl
L BSpS -

and friction vector is
Fri =[0,0,0,0,0, pupemegps]”. (3.55)
The parameters K, K,,,, K3,,, Kza,,s Bz, Ba,., Bs,., Bp, Bs, ltss (shown in Table 3.5) are
defined in subsection 3.4.3.

In (3.52), the command to the slider is force f;, while in the actual system (shown in

Figure 3.6), the command to the stepper motor is velocity vsiepper, SO @ transfer function
H,(s) of the slider is defined as

Ustepper 1
H,(s) = = .
(5) fs mss? + (Bs + pi5msg)s

(3.56)
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Additionally, in comparison with the system modeling in [30], this chapter extends the
DOFs of the configuration by introducing a coupled slider on the platform. Consequently,
tracking, and vibration- and balance-control problems must be considered (see the below
sections, e.g., subsection 3.4.5 and section 4.3), not just vibration control [30]. In Appendix
A.3, a scenario analysis about the disturbances 7, (in (3.52)) is conducted.

3.4.3 Model Validation

To validate the nonlinear dynamic model (3.52), the following steps are taken:

1. Identification of geometrical and dynamic parameters: The geometrical, mass, and
moment of inertia parameters shown in Table 3.5 came from the SolidWorks model
(matched the actual system shown in Figure 3.6). After giving impulse torque in-
puts to the pendulums, the stiffness parameters K., K, , Kg, are identified using
the system natural frequency-based method [30] (i.e., by measuring accelerations
(using accelerometer ADX1.335 and gyroscope ENC-03R) and then converting them
into natural frequencies using the Fast Fourier Transform (FFT)). Stiffness K.,
and damping ratios B,, B,,,, Bg,,, B, are obtained by matching the simulation and
experimental responses [30]. Additionally, the slider damping ratio B and friction
coefficient pif5 are determined by applying an impulse velocity input, i.e., By and fu,
are estimated using Trust-Region-Reflective and nonlinear least squares optimiza-
tion algorithms (in Matlab Optimization Toolbox) [26] based on the simulation and
measured experimental position data of the slider.

2. Validation of the model: Using the same impulse input as the previous step, the
model validation results are shown in Figure 3.8. In Figure 3.8, although there are
some discrepancies between the simulation and experimental responses, the proposed
controllers discussed in section 4.3 can effectively handle the uncertainty of dynamics.

3.4.4 Linearization

Eq. (3.52) shows the complete nonlinear dynamic model of the UMM. To analyze and
implement the model and associated control, (3.52) can be redefined as

#(t) = f(t,z(t), u(t)), £(0) = zo € R (3.57)
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Figure 3.8: Model validation results of the UMM. The simulation and experimental re-
sponses are compared.

where z := [pmzapmm O, dma ﬂrm ﬁmy 0;017 Qpl, 8]32) 8p27p87ps]T € Ru and u = [Tph 7—p2a fs]T S
R? represent state and input variables, respectively. x, is the initial state vector and time
t>0.

By linearizing (3.57) around the reference/nominal states x, and control inputs u,, the
continuous time state-space representation can be described as

i(t)

y(t)

A(t)x(t) + B(t)u(t) + B(t)w(t)
Cuz(t), (0) = zq

(3.58)

of(x,u)

ox

c R12><12

T=Tp U=Up

€ R and C € R312, w(t) € R3 is process noise. It is interesting to

where the outputs y(t) € R3, matrices A(t) = , B(t)

of(z,u)

ou

T=Tp ,U=Usp
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track the position (ps) of the slider and angles (6,1, 6,2) of the pendulums (to balance the
0,0,0,0,0,0,1,0,0,0,0,0

COM offset of the slider), then C':= |0,0,0,0,0,0,0,0,1,0,0,0].
0,0,0,0,0,0,0,0,0,0,1,0

Since the reference is not always zero, an augmented system form with integral action
is introduced to solve this problem. Define an integral output vector z(k + 1) = z(k) +
(r(k) —y(k)) and substitute it into the discrete form of (3.58), an augmented state-space
representation is described as

[ZIH [A ?HxﬂﬂBé‘“)}u(m

q (3.59)

where 7(k) € R3 denotes the reference vector.

3.4.5 Equilibrium Point and Balance Problem

The linearized state-space model (3.58) is applicable around the reference state vector x,
and control input vector w,. However, both of them are unknown. To find z, and w,,
a typical pick-and-place scenario is considered as below, i.e., the slider (shown in Fig-
ure 3.7(c)) moves from the initial position 0 (i.e., ps = 0) to a pick/place position ps, (i.e.,
Psr = ps # 0) and stands still at pg,.

The cable-driven mobile platform shown in Figure 3.6 is a planar system, and the kine-
matic constraints and high stiffness of the cables lead the state variables p,.., Pz, Qm, Gom,
Bins B having small magnitudes. Meanwhile, the two pendulums are used to eliminate
undesired out-of-plane motion (e.g., vibrations) and also to balance the COM offset of the
slider (i.e., ps # 0). When the slider arrives at pg,, the equilibrium point (instead of the
reference) x, and u, are given as

= lim 7= [0,0,0,0,0,0,0,1,, 0,021, 0, par, 0] (3.60a)

Uy = thm U = [Tp1r, Tyar, 0] (3.60b)
—00

r= thm Y = [Op1rs Opor, Dsr) - (3.60c)
—00
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where Op1,, Opar, Dsr, Tpir, Tp2r are the reference state and input variables of the pendulums.

To simplify computation, let 8,1 = 6,2. The total moment about the frame {O,,} is
equal to zero, i.e.,

Z MOm - (Kam - g(msysco + 2mpkyp0k + 2mpkyp60k

COS(QP"C»)O‘W - g(mspsr + QMpkprOk
sin(fyx)) = 0. (3.61)
Substituting the corresponding parameters shown in Table 3.5 into (3.61), then

(143.4675 + 0.6278 cos (0,1 ) )ty — 20.8070p,, + 0.6278 sin(6,,) = 0. (3.62)

Clearly, 0.6278 cos(6,;) < 0.6278 < 143.4675 for an arbitrary angle 6,;. Using (3.60),
one can get 1tlirn a,, = 0. However, in practice, o, =: €,,, is a small angle. Hence, (3.61)
—00

can be simplified as

(Kam - g(mSySCO + 2mpkyp0k))€am - g(mspsr

then,
epkr = Sin—l |:(Kam _ g(msysc() + 2mpkyp0k))€am
Qmpkgypcok
MsPsr ] 0
T D) o € T2/ 3.64
Qmpkypcok pk ( / / ) ( )

with {V £ € N: 1 <k <2}. (3.64) has two input variables (¢,,,, psr) but €,,, is unknown
and not unique, which results in more than one solution. Here, a simple linear equation is
constructed as €,,, = (ps-, where ¢ = 0.004 is an evaluated value for experiments. Then,
(3.64) is rearranged as

1 (CKO&m - Cg(msysco + 2mpk3/p0k> - ms>psr]

3.65
Qmpkgypcok ( )

Opir = Sin~

with 6,4 € (—7/2,m/2). The kth reference torque of the pendulum is computed as

Tpkr = —mpkgypcok(sin(épkr) + €a,, COS(QP]W))

R — Mk §Ypeok SIN(Opky ) (3.66)
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Figure 3.9: An example of the equilibrium point of the pendulums. The reference position
of the slider is given as —0.295m < p,,. < 0.295m.

where the pendulum’s reference angle 6, is obtained using (3.65), m,, and y,.or denote
mass and body-fixed position of the pendulum (shown in Table 3.5), respectively.

An example of the equilibrium point of the pendulums is shown in Figure 3.9 is given to
illustrate the results obtained by applying (3.65) and (3.66), where the reference position
of the slider is given as —0.295m < p,,. < 0.295m.

3.5 3D Coupled System Modeling

3.5.1 System Setup

This section proposes a new redundant HCDR~4 (shown in Figure 3.10) which consists of
a mobile platform, two 1-DOF pendulums, a 3-DOF robot arm, and 12 driven cables. The
mobile platform and pendulums are based on the cable-driven platform in [76, 93, 95, 92].
Four actuators are used to drive the cables to move the mobile platform in the X-Y plane
(i.e., in-plane moving). The mobile platform and cable arrangements are the same as that
of HCDR-2 shown in subsection 3.3.2. Meanwhile, some Cartesian coordinate frames are
defined as follows: the inertial coordinate frame O {x,yo, 20} is located at the center of
the static fixture, coordinate frame {O,,} is located at the center of mass (COM) of the
mobile platform. In addition, two pendulums (mounted on the mobile platform and rotate
about their body-fixed X-axes) are used to eliminate undesired out-of-plane moving (e.g.,
vibrations). The robot arm (with its first, second, and third revolute joints rotating about
the body-fixed Y-, Z-, and Z-axes, respectively) is mounted on the mobile platform and
used for operations such as pick-and-place.
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Figure 3.10: The proposed redundant hybrid cable-driven robot (HCDR-4) consists of a
mobile platform, two 1-DOF pendulums, and a 3-DOF robot arm. (a) The overall structure
of HCDR-4 and (b) enlarge view of the pendulum.

3.5.2 Nonlinear Whole-Body Dynamics

Consider the HCDR~4 shown in Figure 3.10 and define p,, := [P, Py, Pmz]” € R? as the
position vector of the coordinate frame {O,,} with respect to the coordinate frame {O}
and [, B, Ym|T € R? (the orientations of the mobile platform about X-, Y-, and Z-axes,
respectively) as the vector of Euler angles. [0,1, 0,2]7 € R? and [041, 042, 043]7 € R3 represent
the rotation angles of two 1-DOF pendulums and the 3-DOF robot arm, respectively. Other
HCDR-4 parameters used for system modeling are shown in Table 3.6, where m,, and I,
represent the mass and moment of inertia of the mobile platform, respectively. m,;, and
Li ({V k € N: 1 < k < 2}) respectively denote the mass and moment of inertia of
the pendulums. The sizes of the static fixture (e.g., lf;) and mobile platform (e.g., ly),
body-fixed positions (€.g., [Zpok, Ypok, 2pok] s [Tpcoks Ypeoks Zpeor] > {V k € N1 1 < k < 2},
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Table 3.6: HCDR-4 Parameters

Symbol Values Symbol Values
Ly 3.160 m Len 1.000 m
Ly 0.365 m b 0.130 m
o 0.096 m I [0,0.048,0]" m
Mo 12.200 kg L diag([0.1021,0.167,0.1251]) kg m?
Mp1, Mo 0.640kg Ly, Lo 7.012e™* kg m?
[Zp01, Ypo1, Zp01]T [—0.175,—0.100,0]" m  [xp02, Ypo2, 2p02) " [0.175,—0.100, 0] m
[Zpeot, Ypeots Zpeo1]” [0, —0.050,0]7 m [Zpc02, Ypco2s Zpeoz]” [0, —0.050,0]" m
Ma1 0.300 kg I diag([6.76e~°,6.76ee~?, 6.76ee %)) kg m?
M2, Ma3 0.300 kg Tao, I3 diag([1.70e73,1.70e73,1.70e3]) kg m?
[a01, Ya01, Za01]” [0,0.026,0]" m [Taco1; Yaco1, Zacor] " [0,0.013,0]" m
002, Ya02; Za02) " 0,0.130,0]" m [ac02; Yac02, Zaco2] " [0,0.065,0]" m
403, Ya03, Za03]" [0,0.130,0]" m [ aco3, Yaco3, Zacos] " [0,0.065,0]" m
(%405 Ya0s Zao] " [0,0.048,0]" m EA,, EA, 24900 N
T4 max 80N g 9.810 m/s?

[Za0j> Ya0j> Za0;) "> [Tac0j> Yacoss Zacoj]"» {¥ j € N 1 1 < j < 3}), ete. are also given in
Table 3.6. Then, the total kinetic and potential energies are computed as

1 e 1
Kg = émm[pmxapmyapmz][pmxapmyypmz]T + §wZLImwm
1 2
+ 5 Z {mpkvzj);kvPCk + wgck]pkwpck}
k=1
1 3
+ 5 Z {majvcj:cjvacj + w(Z;anjwacj} (367)
j=1
and
2
VE = MmGPmy + Z {mpkgpgck[(), 1, O]T}
k=1
3
+ Z {majngcj [07 17 O]T}
=1
1
+ 5 (L = Lo)" Ko (L = Lo) (3.68)
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where the term (L — Lo)"K, (L — Ly) denotes the cable elastic potential energy. Details
on how other terms in (3.67) and (3.68) are calculated are provided in Appendix A .4.

The Lagrangian equation is obtained by substituting (3.67) and (3.68) into Ly = Kg —
Vg. Then, the equations of motion of the HCDR-4 can be derived from Lg and arranged
as

T AT
M(@)G+C(q,9)i+G (@) +1a= || =| 7 (3.69)
Ta Ta

where q = [pmxvpmyapmz;amaﬁma/ymaQplvep27ga176a279a3 ]T S R117 q € Rlla and q S Rllu
represent the vectors of generalized coordinates, velocities, and accelerations, respectively.
M (q) € R denotes the combined inertia matrix, C (q,q) € R™ ! represents the
combined Coriolis and centripetal matrix, and G(q) € R denote the gravitational vec-
tor, respectively. 75, € R 7, € R% and 7, € R? are unknown bounded disturbances,
forces/torques of the mobile platform, and forces/torques of the pendulums in the gener-
alized coordinates, respectively. A,, € R%%!2 and T' € R!? represent the structure matrix
and cable tensions, respectively. A,, can be computed using (3.36). In A,,, the rotation
matrix R7" and the ith unit cable-length vector L; are provided in Appendix A.4.

3.5.3 Model Reduction

Eq. (3.69) provides the complete nonlinear dynamic model with the 6-DOF mobile platform
driven by 12 cables. One can simplify this model by considering the kinematic constraints
of the HCDR~4 (shown in subsection 3.5.1). The mobile platform is actuated in the X-Y
plane (in-plane motion) with the nominal angle ~,, is equal to zero. The twelve cable-driven
platform is equivalent to a four cable-driven platform [92], i.e., by given L1, Lo, T3, and
Ty, where Lg; (driven by actuator 1) denotes unstretched cable lengths 5, 6, 11, and 12;
Loy (driven by actuator 2) represents unstretched cable lengths 1, 2, 7, and 8; T3 (driven
by actuator 3) represents cable tensions 4 and 10; and T (driven by actuator 4) denotes
cable tensions 3 and 9. These cables are labeled in Figure 3.10. The inputs to the whole
system are defined as [Loy, Loz, T3, Th, Tp1, T2, Tal, Ta2s Taz)”. € R? with 7, = [11, 72]7 € R?
denoting input torques of the two pendulums and 7, = [7a1, T2, Tas]? € R3 representing
input torques of the 3-DOF robot arm.

Additionally, in (3.69), the redundancy resolution problem (i.e., 7, = A,,T") resulting
from multi-cables can be solved as follows: since the equivalent four-cable planar CDPR
has one DOR, then A,, (equals A1 2,661,435 in (3.69)) is redefined as a new 3 x 4 matrix.
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One can restrict one of lower cable tensions T; (for ¢ = 3,4) to the maximum allowable
value Tyymax. In this case, the redundancy resolution and optimal cable tensions 75, are
computed as

T I'1, T, T4 max, F3]T if I's > T34 max, (3.70a)
P )[04, T2, T3, Taamax]. otherwise, '
Tlopt zgll (Ll - LOI)
Toopt 2 (Ly — L2)
g = A, [Tt — 4 | T , 3.70b
i [1,2,6] T3 ?%30” + 5T3 ( )
T4 T40pt + 6T4
FEAL FEAsL
01 = =, Log = (3.70¢)
EAl + Tlopt EA2 + TQopt

where

L = (A) 1[0, (M + mpr + Mypa + Mar + Mag+ma3)g, 0 — ApiT34max), (3.71a)

Am = [Amla Am27 Am37 Am4]7 AmS = [Aml) Am27 Am4]7 Am4 - [Amlv Am27 AmS]a (371b)

A € R3 and A,,; € R¥*3. Ty nax represents the maximum allowable tensions of lower
cables (shown in Table 3.6). FA; and E' A, are the product of the elastic modulus and cross-
sectional area of the upper two cables (shown in Table 3.6). In comparison to [93], (3.70)
provides a simpler and more effective method. Moreover, 75, 07T, are control inputs of the
CDPR denoting changes of lower cable tensions, and the control inputs of the HCDR-4
are defined as u = [0T3, 0Ty, Tp1, Tp2s Tal, Ta2s Taz). € R7. Egs. (3.69) and (3.70) provide the
complete equations of motion of the HCDR-4.

3.6 Summary

In this chapter, first, a generalized HCDR is proposed. For the proposed HCDR, the
system motion model is developed. The proposed dynamic modeling approach avoids the
drawback of traditional methods, and can be easily extended to other types of hybrid
robots by changing structure matrix A, in (3.5) based on the desired configurations.

In addition, for the configuration of HCDR-2, whole-body model and decoupled model
are developed, and the latter is derived from the former for control design and experiments.

Unlike the system modeling in [30], the proposed modeling extends the system con-
figuration by introducing a coupled slider to achieve out-of-plane manipulation tasks. To
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develop the complete system dynamics, equations of motion of the UMM are derived,
disturbance analysis is investigated, and model validation is carried out. A simple but
effective strategy is also developed to solve the equilibrium point and balance problem.

Finally, for HCDR-4, nonlinear whole-body dynamics of the HCDR and model reduc-
tion are developed. Redundancy resolution and disturbance rejection via torque optimiza-
tion will be studied in Chapter 4.
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Chapter 4

Control Design, Optimization, and
Case Studies

In this chapter, different control methods and optimization problems will be studies based
on the system models in Chapter 3, and the results will also be evaluated using case studies.

To begin with, in section 4.1, to study the vibration control and trajectory tracking
using different control methods, the proposed HCDR-1 is used since it is easier for control
design. In this case, the objective is to develop effective control schemes to minimize vibra-
tion and improve the accuracy of the end-effector, i.e., the position-holding performance
of the CDPR and the position accuracy performance of the end-effector relative to its ref-
erence trajectory. Three control structures are proposed: independent control, integrated
control-I, and integrated control-II (fully integrated control). The control performance is
evaluated using case studies. The results show that the integrated control-II (only using
MPC) has better tracking performance than that of integrated control-I and independent
control.

In section 4.2, MPC (an extension of the integrated control-II shown in section 4.1)
and state estimation will be proposed for decoupled HCDRs in experiments. In this case,
HCDR-2 is utilized to solve vibration control and regression problems. Additionally, the
motivation of choosing an MPC-based controller is summarized as follows: some existed
control techniques may be available for HCDRs, such as PID [76, 19, 56], SMC [30], linear
parameter-varying (LPV) [53]. However, to the best of the author’s knowledge, there
are few studies using MPC, which can handle optimal control problems while satisfying
constraints.

In section 4.2, the model decoupling (i.e., in-plane and out-of-plane subsystems) based
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on the existed platform [76, 93], in-plane vibration, and regression problems are studied us-
ing MPC. However, due to the limits of HCDR-2 (e.g., to achieve out-of-plane manipulation
tasks) and the disadvantages of MPC (e.g., requiring an accurate enough dynamics model),
in section 4.3, two practical control methods (MPC with integral action and MPC+PI with
integral action) are proposed to handle vibration control and trajectory tracking problems
based on the new system (shown in Figure 3.6). Since the motion of the slider mainly
affects out-of-plane vibrations, then in-plane movements are not considered in this section.
The proposed subsystem—UMM (shown in Figure 3.6) consists of a mobile platform, two
pendulums, and a linear slider. Meanwhile, in section 4.3, the control goal based on the
UMM is motivated by the need to minimize the vibrations and increase the position accu-
racy of the end-effector. Compared to other controllers, e.g., MPC with changes of input
[18], the proposed controllers are easier to implement in practice.

Finally, in section 4.4, redundancy resolution and disturbance rejection via torque op-
timization (based on HCDR-4, a more complicated 3D coupled system) will be studied.

4.1 Vibration Control and Trajectory Tracking Using
Multi Control Methods

For the configuration of the HCDR-1 shown in section 3.2, the eight upper cables, four
lower cables, and robot arm are based on position control, force control, and torque con-
trol, respectively, i.e., their corresponding inputs are positions (cable lengths), forces, and
joint torques. Furthermore, the flexible cables reduce the overall stiffness of the robot, so
vibrations become a serious problem for precise control [1&]. Another major problem is
maintaining cable tensions to keep the desired stiffness of the robot, as mentioned above. In
addition, since the driven cables are flexible, the position of the mobile platform or actual
cable lengths cannot be computed directly from the measurements of encoders (embedded
in the corresponding driven actuators). However, the upper unstretched (i.e., nominal)
cable lengths (Lg; and Lyy in (3.33)) can be obtained using (3.33) when the reference tra-
jectory r(t) = z, is given. Then, one can readjust lower cable tensions using (3.32). Hence,
tracking the reference trajectory as well as optimizing the lower cable tensions to satisfy
the required stiffness of the HCDR-1 should be included in control design.

Based on the above analysis, the proposed control structures of the HCDR-1 are shown
in Figure 4.1(a~c). Additionally, because of the kinematic constraints, system (3.34) is fully
controllable in xgzy plane. The states and control inputs are simplified for the proposed
vibration control.
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Figure 4.1: Three types of control architecture based on HCDR-1. (a) Independent control
with the CDPR and the robot arm are decoupled; (b) integrated control-I with the CDPR

and the robot arm are coupled; and (c) integrated control-IT with the CDPR and the robot
arm are coupled.
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4.1.1 Independent Control

For the independent plant (i.e., the Independent Arm & CDPR block diagram shown
in Figure 4.1(a)), it includes two independent subsystems: the flexible CDPR and the
rigid robot arm. There is no coupled forces/torques between them. In this case, the
dynamic model of the CDPR can be developed using (3.9) or by replacing (3.17) and
(3.18) with Kg = 2mum[Pmes Py, Pz [Pmas Py Pmzl” + 3wk Lyw, and Vi = muygpm. +
(L — Lo)" K. (L — Ly), respectively. The dynamic equations of the robot arm are derived

3
by replacing (3.17) and (3.18) with Kp = %Z {makv(fckvack+wgckfakwack} and Vi =
k=0

3
> {makgpaTck 0,0, 1]T}, respectively. By substituting the new (3.17) and (3.18) into (3.19),
k=0

the independent nonlinear dynamic equations of the CDPR and robot arm can be derived

(in forms of (3.22) and (3.23)). The LTV model of the CDPR is expressed in form of (3.34).
The block diagram S is used to select elements from input vector. It can be described as

T, Isxe  Ogxa x
_ . 41
[%} |:04><6 I4><4:| {$] (4.1)

~
Block diagram S

where [ represents the identity matrix. z, x,,, and x, denote the state vectors of the whole
system, CDPR, and robot arm, respectively. In (4.1), x, x,,, and z, can be replaced with
reference state vectors x,, T,,,, and x,,, respectively.

When the reference trajectory r(t) = x, is given (in Figure 4.1(a)), Algorithm 1 is
implemented to compute the optimal cable tensions T3, and Ty,,. By substituting 5.
and T, into (3.8), the upper unstretched cable lengths Ly, and Lo are also calculated.
A stiffness optimization example using Algorithm 1 is shown in Figure 4.2. Figure 4.2(a)
shows that increasing T3 and T will rise up Jx (in Figure 4.2(b)). The corresponding
eigenvalues of stiffness matrix K (in 4.2(c)) are always positive. Because of the constraints
in (3.32), the maximum of Jx corresponds to the optimal values of T3 and T}, i.e., T3y
and T)yop, respectively.

Based on the computed values above (in this section), the proposed control approaches
are then utilized to stabilize the system around its reference trajectories. For the indepen-
dent control, Model Predictive Control (MPC) and Proportional-Integral-Derivative (PID)
based control schemes are designed. The former is used to control the lower cable tensions
um (T3, Ty), the latter is utilized to control the arm joint torques to minimize joint position
errors. The main reason for using MPC-based controllers (see Figure 4.1) is that they can
handle optimal control problems as well as satisfying constraints.
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Algorithm 1 Computation of the optimal cable tensions T5,,; and Ty

Input: Reference trajectory r(t) = x,.
Output: Optimal cable tensions T3y, and Tyop.

1: Given r(t) and calculate the nominal matrix A,,. and torque (A,,T), by using (3.5)
and (3.32b), respectively;

2: Given the stiffness weighting matrix H, (e.g., in all the case studies in this chapter,
H, is equal to the identity matrix I) and solve (3.32a) (which also subjects to (3.32¢)
and (3.32d)), then the optimal stiffness K()),, and variable A, are obtained;

3: Resubstitute K ()\)Opt, Aopts Amr, and (A4, 1), into (3.32¢), the optimal cable tensions
Tsope and T}y, are computed;

4: Return T3, and Tyop.

1) MPC Control Design (depicted as the MPC control block diagram in Figure 4.1(a)):
As an optimization based control approach, the MPC cost function with constraints is
defined below to minimize the vibration of the mobile platform:

N,—1
min > (o (B) Qs (k) e, (1) Ryea, (k) )

k=0

+ ean(Np)TPpew'm (Np) (42)
S. t. 6xm(k: + 1)6><1 = A(k)ﬁx65xm(k)6><1

+ B(k)sx20Um (k)ax1 + B(k)exowWm (k)2x1
0Ym(K)ox1 = C(k)6x60Tm(k)ex1
5$m(k)6x1 = xm(k)(sxl - Im(k? - 1)6><1
O (K)2x1 = Um(k)2x1 — tUm(k — 1)2x1
6Ym (K)ox1 = Ym(K)6x1 — Ym(k — 1)ex1

5$mL(k)6x1 < 5xm(k)6x1 < 5me(k>6><1
5UmL<k)2x1 < 0 (K)2x1 < 5UmU(k)2x1

where the state-space model in (4.2) represents the independent CDPR. The error vector
between the reference trajectory z,,. and actual states x,, is defined as

€z, = Tinr — Ty = [pmxrapmxrapmzrapmzra ﬁmm er]T - [pmwapm:capmzapmza Bma Bm]T-

(4.3)
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Figure 4.2: An stiffness optimization example using Algorithm 1, where the mobile platform
is stationary (i.e., position-holding at [Pz, pm=]T = [0, 0]7) and the upper unstretched cable
lengths are equal to Loy = Lgo = 1.005 m. (a) X-Y view, (b) 3D view, and (c) eigenvalues
of the stiffness matrix K.

The error vector between the reference inputs u,,, and actual inputs wu,, is defined as

Cup, = Umy — Um = [T30ptv T40pt]gx1 - [T3> T4]§><1' (44)

m

02,1, and dx,,y denote the lower bound and upper bound of the states dz,,, respectively.
our, and duy represent the lower bound and upper bound of the control inputs du,
respectively. R, € R*? (R, = Rl > 0), Q, € R"° (Q, = Q] = 0), and P, € R%¢
(P, = PpT > 0) are input, state, and terminal weighting matrices, respectively.

As an advanced control technique, MPC utilizes the state-space model in (4.2) to predict
the systems behavior in the future, i.e., by minimizing the cost function (as well as
handling constraints) to find the optimal control action. To carry out the MPC in (4.2),
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parameters (see Table 4.1 in subsubsection 4.1.4.1 for case studies) such as sampling
time Ty, predictive horizon N, control horizon N, input weighting matrix R,, state
weighting matrix (),, terminal weighting matrix P,, lower bound éx,,r, upper bound
0Ty, lower bound du,,r,, and upper bound du,,; must be considered. Additionally,
some key guidelines can help tuning MPC parameters such as set smaller N, and N, <

N,

P

2) PID Control Design (shown in Figure 4.1(a)): For the mounted arm, the PID controller
is designed as

- 9&2 (t>7 6a3r<t> - 0a3(t)]T

)

! T
+ Ki/ [Oa2r (£) — Oaa(t), Ousr(t) — Oa3(t)]” dt

0
+ Kd[9a2r (t) - 0&2(t)7 0(137’ (t) - 0&3(t)]T (45)

where K, K;, and K, are the proportional, integral, and derivative terms, respectively.
Ouor and 6,3, denote the reference angles of joint 2 and 3, respectively. 6,0 and 0,3
represent the actual angles of joint 2 and 3, respectively. w, (742, Ta3)2x1 denotes the
control inputs to the robot arm.

ua(Ta27 Ta3> - Kp[ecﬂr(t

4.1.2 Integrated Control-I

Regarding the integrated control-I, it is also based on hybrid MPC and PID controllers
(shown in Figure 4.1(b)). In this case, a coupled plant (the HCDR-1 block diagram in
Figure 4.1(b)) is adopted, i.e., the nonlinear model (3.33). The corresponding LTV rep-
resentation of the CDPR is obtained by linearizing (3.33) around the reference states
and inputs ., which is used for MPC design (in the form of (4.2)) to damp vibrations.
Meanwhile, the PID control design for the robot arm is expressed as (4.5).

Additionally, the implementation of integrated control-I is the same as the independent
control (in subsection 4.1.1): when the reference trajectory r(t) is given, the optimal cable
tensions T3, and Ty, and the upper unstretched cable lengths Ly; and Ly, are computed.
By inputting these values and the outputs of MPC and PID into HCDR-1 to minimize
vibration and improve the accuracy of the end-effector.

4.1.3 Integrated Control-II (Fully Integrated Control)

Integrated control-1I is defined as a fully integrated control, which is only based on MPC
(shown in Figure 4.1(c)). In this case, the coupled plant (the HCDR-1 block diagram in

64



Figure 4.1(c)) is the same as the one shown in Figure 4.1(b), but the corresponding LTV
model is extended to all the states and inputs, i.e., in terms of (3.34).

The integrated control-II is designed to control lower cable tensions and the arm joint
torques simultaneously to minimize the vibration of the overall system. Then, the MPC
cost function with constraints is redefined as

min Z (ex(k;)TQpex(k) +eu(k‘)TRpeu(k:)>

k=0

+ e (N,) ! Ppen(N,) (4.6)
s. t. 0x(k + 1)10x1 = A(k)10x1002(k)10%1

+ B(k)10x40u(k)ax1 + B(k)ioxaw(k)ax1
5y(k)10x1 C(k)10x1002(k)10x1
(

0x(k)10x1 = 2(k)10x1 — (F — 1)10x1
5U(k)4x1 ( )4><1 - U(k’ - 1)4x1
oy k)l =y(k )10><1 —y(k = 1)iox1

Q)

(
2(F)10x1 = Tr(k)10x1 — 2(k)10x1
u(k>4><1 = Ur( )4><1 - U(k)4x1

021 (k)19x1 < 0x(k)10x1 < 0xu (k) 95
our(k) gy < 0ulk)axa < duy (k)

™

where the error vector between the reference trajectory z, and actual states x is described
as

. . . . . T
€ =Tpr —T = [pmxra Pmar, Pmzrs Pmzr, ﬂmra Bm'ra 6a2r7 0(127“; 0(137“7 0a3r]10><1

- [pmxy pmympmz’ pmzuﬂmv Bm; 9(127 éa27 9(137 éa?)]{(]xl? (47)

and the error vector between the reference inputs u, and actual inputs u is expressed as

€y = Up — U= [TSOpt7 T4opta Ta2r, Ta3r]z{><1 - [Tg, T4a Ta2, TaS]le- (48)

Compared to (4.2), other variables (e.g., dzp, dxy, dur, duy, R, @, and P,) are
extended to higher dimensions. R, € R™* (R, = R] > 0), Q, € R (Q, = Q] = 0),
and P, € R1¥10 (P, = PT » 0).

Moreover, when the reference trajectory r(t) is given, the nominal variables T, Thopt,
Loy, Log, Ta2r, and 7,3, are computed the same as integrated control-I (in subsection 4.1.2).
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Theoretically, when the the same goal and conditions are given, the higher integrated
control techniques (e.g., the integrated control-II in subsection 4.1.3) are easier lead to
better performance, since the control performance indices are more guaranteed by balancing
control gains, e.g., using the cost function in (4.6).

Additionally, the block diagrams (in Figure 4.1) of Inverse Dynamics, Redundant Reso-
lution & Stiffness Optimization, Independent Arm & CDPR (or HCDR-1), PID, and MPC
mainly correspond to (3.32b), Algorithm 1, (3.33), (4.5), and (4.2) (or (4.6)), respectively.
In the next section, case studies will be proposed to evaluate the control performance.

4.1.4 Simulation Results

4.1.4.1 Case Study—Comparison of Three Control Structures

To evaluate the performance of the above three control strategies, many case studies can
be implemented, e.g., applying different trajectories to the mobile platform and robot

arm. However, when the robot arm moves, it generates reaction forces which result
in vibration of the mobile platform even when the desired position of the mobile plat-

Table 4.1: Parameters of Three Control Structures

Control structures MPC parameters PID parameters

T, = 0.01 s (sampling time);

N, = 50 (predictive horizon);

N, = 50 (control horizon);

R, = 0.0001/5x2 (input weighting matrix);

Independent control Q, — I1.s (state weighting matrix); K, = 400;
o P, = I,y (terminal weighting matrix); K, = 100;
integrated control-I p T tdxd ’ K,; = 10.

021 = —[00, 0ol (lower bound);

§Zmu = [00, 0ol (upper bound);

S = —[80, 80]T (lower bound);

Sumu = [80, 80]7 (upper bound).
Ts = 0.01s; N, = 50; N. = 50;
Integrated control-II g’L :Of)[()o(l{%.g,4éo?go ]valg;;]()’:Pfoo, cio,xolsj ol _
Sur, = —[80,80,2,2]T; duy = [80,80,2,2]".
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form is to remain unchanged. This case is quite important in pick-and-place applica-
tions. To illustrate the position-holding performance of the CDPR and the position
accuracy performance of the end-effector relative to its reference trajectory, reference

. . o . . T . _
pOlIltS T<t> =T = [pm.trvpmwm Pmzr, Pmzr, ﬁm’/‘a 6mr7 8(127’) 9(127’7 0(137” 0a3r] are given as ro =
to

ra = [0.05,0,0.1,0,0,0,0,0,0,0]" — rp = [0.05,0,0.1,0,0,0,0,0,0.3(tp — ta),0]7 —
ta tp

re =10.05,0,0.1,0,0,0,0.4(tc—t5),0,0.3(tc—tg), 0]T = reng = [0.05,0,0.1,0,0,0,1.0(tp—
tc tend

tc),0,1.0(tp — tc),0]", where point-to-point (e.g., rg — r¢ from time tp to tc) move-
ments are implemented using the 5th order polynomial trajectories, and tg = 0s, t4 = 1 s,
tg =3s,tc =5s,and t.,g =6 s.

In this case study, r(t) are given in joint space, and they can be mapped to the end-
effector positions (z., 0, z.) = p. in Cartesian coordinates by using the equations in Ap-
pendix A.1. Then, the corresponding multi segment curves are generated: from the start
point — point A — point B — point C — the end point as shown in Figure 4.3.

Furthermore, the control performance is evaluated using MATLAB 2015a (The Math-
Works, Inc.) on a Windows 7 x64 desktop PC (Intel Core i7-4770, 3.4 GHz CPU and 8
GB RAM), and the quadratic programming problems ((4.2) and (4.6)) in the independent
control, integrated control-I, and integrated control-IT are solved using FiOrdOs [109]. The
constraints and tuning parameters are given in Table 4.1.

Based on the desired end-effector trajectory and tuning parameters of three control
structures, the responses are shown in Figure 4.3 and Figure 4.4. Figure 4.3 shows the
end-effector trajectory in Cartesian coordinates. The aim of three controllers is to follow
the desired curved path (dotted line). The independent control based tracking trajectory
(dashed line), the integrated control-I based tracking trajectory (dash-dot line), and the
integrated control-II based tracking trajectory (solid line) are all commanded from the
same start point. It is clear that independent control cannot follow the desired path well.
The main reason is that it doesn’t consider the coupling forces/torques between the mobile
platform and the robot arm. This leads to large tracking errors.

Additionally, from the start point — point A — point B, integrated control-I and
integrated control-II show good trajectory tracking performance. However, from point B
— point C — endpoint, tracking errors of the former is larger than the latter (always has
an excellent tracking performance). Integrated control-II uses an optimized control scheme
to handle dynamic coupling hence suppressing vibrations to satisfy (4.6).

Figure 4.4 shows the end-effector trajectory versus time. The time responses for three
control structures have a similar tracking performance, as shown in Figure 4.3. In Fig-
ure 4.4, both the independent control (for the decoupled HCDR-1) and the integrated
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Figure 4.5: RMSE of the end-effector trajectory.

control-1 (for the coupled HCDR-1) use the same controllers (MPC and PID) and tuning
parameters (shown in Table 4.1). The integrated control-I shows good tracking perfor-
mances in the X- and Z-directions, and the control inputs can handle the reaction forces
between the CDPR and robot arm. However, for the independent control, the control
inputs cannot effectively handle the decoupled HCDR-1 (i.e., the ignored reaction forces
mainly coming from the gravity forces of the robot arm that cannot be overcome) in the Z-
direction, resulting in vibrations and poor tracking. The reaction force in the X-direction
is less affected, and the tuned controllers can effectively eliminate the tracking error, so it
shows a good tracking performance.

In short, the above results show that integrated control-II (fully integrated control)
has better tracking performance than that of integrated control-I. Integrated control-I has
better tracking performance than that of independent control.

4.1.4.2 Case Study-RMSE Estimation

To evaluate the end-effector position tracking errors, the root-mean-square error (RMSE)
[121] is used to measure the differences between the desired positions in X-Z Cartesian
plane and observed values. The RMSE of the end-effector trajectory is described as

Ngr

1 X .
RMSE = \| 5= 3 ((Peai = Peai)” + (pesi = Pei)”) (4.9)
i=1

where peri, Pexis Pezis and pe.; denote the desired and observed end-effector positions in X-
and Z-directions, respectively. Ng is the total sampling number.

Using (4.9), the RMSEs of the end-effector trajectory based on the independent con-
trol, integrated control-I, and integrated control-II are shown in Figure 4.5. In Figure 4.5,

69



RMSE in the X-direction, independent control has the smallest RMSE, i.e., the best tra-
jectory tracking performance. RMSE in the Z-direction, integrated control-I has the best
trajectory tracking performance. However, RMSE in the 2D-direction represents the overall
trajectory tracking performance of the three control structures. It is clear that integrated
control-IT has the best trajectory tracking performance (RMSFE = 0.01889), and indepen-
dent control has the worst trajectory tracking performance (RMSE = 0.00164). Also, this
performance matches the result shown in Figure 4.3 and Figure 4.4. Hence, integrated
control-IT (fully integrated control) has the best overall trajectory tracking performance
for the end-effector.

In comparison with previous studies, such as PID [7(], linear parameter-varying (LPV)
[53], and sliding mode control (SMC) [30], the results of this chapter offer noticeable
improvements in the following aspects: 1) satisfactory results are guaranteed by the optimal
control inputs and constraints, and 2) the use of MPC enhances the control performance
by using the future steps from the reference trajectories to generate control laws.

4.2 MPC and State Estimation for Decoupled HC-
DRs)!

Based on the decoupled in-plane and out-of-plane models presented in section 3.3, two
MPCs are utilized: the first is used to control the lower-cable tensions to damp out in-
plane vibrations, the second is utilized to control pendulum torques to eliminate out-of-
plane moving.

4.2.1 In-Plane Control

In-plane control is performed using an MPC controller shown in Figure 4.6(a). As an
optimization based control approach, the MPC cost function with constraints is defined

'Parts of this section have been published in [02]. © 2019 Elsevier B.V.: “As the author of this Elsevier article,
you retain the right to include it in a thesis or dissertation, provided it is not published commercially. Permission is not
required, but please ensure that you reference the journal as the original source.”
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Figure 4.6: In-plane and out-of-plane control architectures. (a) in-plane control and (b)
out-of-plane control.

below to minimize the vibration of the mobile platform:

Np—1
min D (Counn () @ (k) 0 (1) Ry, (1))

k=0

+ g3y (Np) Py, (Np) (4.10a)
s. t. 0Zinp(k + AT) = Ajnp(k)0Zinp (k) + Binp(k)dting (k)

+ Bmp(k wmp(k)

Yinp (k) = Cinp (k)T inp(k) (4.10Db)

Cainy (k) = Tinpr (k) = Linp(F)

Cuinp (k) = uinp'f(k) - uinpr(k)

0 inpr (k) < 0Zinp(k) < 0 inpu (k)

Minpr, (k) < Stinp (k) < Stinpr (k)

R,=R] >~ 0,R, € R*?

Qp = Qg = Oan e R%®

P,=P = 0,P, € R™



where

- . . . 1T
exmp - :L‘inpr CCmp [pmmm pm:vra pmyra pmyra ) ’Ymr] [pm:va Pma, pyza pyza TYms ’Ym]

(4.11)

represents the error vector between the reference trajectory z;,, and actual state vector
Tinp- Cumy = Uinpr — Winp = [T30pt: Thopt)” — [T3, Ty)" denotes the error vector between the
reference input vector w;,, and actual input vector w;,,. (4.10b) is the discrete state-
space model of (3.43) with R,, @, and P, denoting input weighting matrix, state weight-
ing matrix, and terminal weighting matrix, respectively. It also represents the vibration
model, where du;n, = [013,07. 47 is the control input vector of lower-cable tensions. In
Figure 4.6(a), the input vector [T3,T4]" = w;n, consists of nominal lower-cable tensions
(Ts0pts Thopt), control inputs (673,07y), and noise. The responses of T3 and T will be
discussed in subsection 4.2.3 and subsection 5.2.1.

Additionally, 02,1, and 0,y indicate the lower bound and upper bound of the state
vector 0y, respectively. duy, and duy represent the lower bound and upper bound of the
control input vector du, respectively.

4.2.2 Out-of-Plane Control

Out-of-plane control is also based on an MPC controller (shown in Figure 4.6(b)). The
MPC cost function with constraints is defined as:

Np—1

min Z (exoutp (k;)TQpexoutp (k) +u0utp(kj)TRpuoutp(k)>

k=0

+ €y (Np) Py, (V) (4.12a)
s. t. Toutp(k + AT) = Aoutp(k) Toutp(k) + Boutp(k)Uoutp (k)

+ Boutp (k) woutp (k)

Youtp(k) = Coutp(k) Toutp (k) (4.12b)

emoutp( ) = :Boutpr( ) — fL"outp( )

Toutpr. (k) < Zoutp(k) < Zourpus ()

UoutpL( ) < uoutp( ) < UoutpU (k)

R,=R] > 0,R, € R¥?

Qp _ Qg - OyQp € R10x10

P,=Pl'=0,P, e R
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where

. . . . . T
exoutp = [pmzra Pmzrs Omry Cmyr, era ﬂmr; eplm eplm 9p2r7 9p2r]

- [pmza pmz; Oy, dma 57717 Bma epla épla ean épQ]T (413)

are the error vector between the reference trajectory .. and actual state vector xpyp.
Uoutp = |Tp1, Tpo)' represent inputs of the pendulums. (4.12b) is the discrete state-space
model of that shown in subsection 3.3.4. Compared with (4.10), other variables (e.g., R,
(Q)p, and P,) are extended to different dimensions.

Furthermore, (4.10) and (4.12) are respectively rearranged as a quadratic programming
(QP) problem (by substituting (4.10b) into (4.10a) and (4.12b) into (4.12a), respectively).
To solve this QP problem, some alternative solvers can be used, such as qpOASES [37],
CVXGEN [75], etc., and they are able to achieve the same goal.

4.2.3 Simulation Results

To evaluate the control performance, a scenario is given in Figure 4.7 to demonstrate a ware-
housing application, where the start operation point Py : (Pmarts Pmyr1) = (0.1,0.05) m; P; :
(Pmar2s Pmyr2) = (0.1,0.05) m; Ps : (Pmar3, Pmyrs) = (—0.1,0.05) m; and the end point Pj :
(Pmard, Pmyra) = (—0.1,—0.05) m. Other in-plane reference states (Prmar, Pmyrs Yinrs Yimr) =
0. The initial out-of-plane states are also equal to zero. At each point, in-plane and
out-of-plane input pulse disturbances are given.

1. In-plane control performance: Based on the scenario described in Figure 4.7, the
in-plane MPC control is implemented. Point P; (i = 1,2,3,4) corresponds to the
time at 0.50 s, 14.75 s, 32.99 s, and 47.24 s, respectively. At these moments, input
pulse disturbances are also given. Moreover, the in-plane MPC tuning parameters for
simulations are given in Table 4.2. Simulation results show that the in-plane state
and input responses from P; to P, are close. In this case, P, is considered as an
example (as shown in Figure 4.8) to conduct an analysis: Clearly, when the open-
loop control is implemented in-plane states vibrated (because of the inputs T3 and T}
with disturbances); however, when the in-plane MPC control is applied, the states
are damped out in a short time, and inputs 73 and T converge to their references,
i.e., the MPC controller holds a good performance. This in-plane control performance
also validate the effectiveness of the control design.
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Table 4.2: MPC Tuning Parameters for Simulations

Control structures Parameters

T, = 0.01 s (sampling time);
AT = 0.03 s (interval time)
N, =5 (predictive horizon);

R, = diag([0.00001, 0.00001]) (input weighting matrix);
Q), = diag([1,1,1,1,1,1]) (state weighting matrix);

P, = diag([1,1,1,1,1,1]) (terminal weighting matrix);
0T inpr, = —[00, 00]” (lower bound);

OTinpy = [00, 00]T (upper bound);

Stinpr, = —[10, 10]" (lower bound);

Suinpr = [10, 10]* (upper bound).

T,=0.0ls;, AT = 0.025, N, = 5; R, = diag([0.1,0.1]);
Q, = diag([10,10,1,1,10,10,1,1, 1, 1]);

P, is the solution of the Lyapunov equation
AOUtpPPAZutp - Pp - _Qp5

8Zmr = —[00, 00| 0y = [00, 00]7;

Sttpr, = —[0.92,0.92]7; Sty = [0.92,0.92]

I

In-plane MPC

Out-of-plane MPC

2. Out-of-plane control performance: Same as the in-plane scenario, the open-loop con-
trol and out-of-plane MPC control for the out-of-plane system are implemented. In
this case, MPC is utilized to dampen undesired out-of-plane motions and keep the
states at zero. The out-of-plane MPC tuning parameters are given in Table 4.2. To
evaluate the control performance, state and input responses at the example point P,
(shown in Figure 4.9) are selected. The results show that when input disturbances
are given, the out-of-plane MPC controller leads the out-of-plane states to converge
to zero faster than that of open-loop control. The later also results in zero states
because of the damping behavior of the system. The MPC controller also shows a
good control performance for out-of-plane control. In summary, the above in-plane
and out-of-plane control performance validate the effectiveness of the control design.
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Figure 4.7: A four-point example to demonstrate warehousing application. The start
point P; : (0.1,—0.05) m, P, : (0.1,0.05) m, P; : (—0.1,0.05) m, and the end point
Py : (—0.1,-0.05) m. At each point, in-plane and out-of-plane pulse disturbances are
given.

4.2.4 State Estimation and Validation

In subsection 4.2.3, the proposed control strategies is evaluated via simulations. However,
in practice, the control performance is not always guaranteed if the obtained states are
inaccurate. For example, in Figure 3.3, an IMU mounted on the bottom of the mobile
platform (used to estimate states) has this problem. To solve it, new in-plane and out-of-
plane state estimation methods (corresponding to subsection 4.2.1, subsection 5.2.2; and
the system modeling (e.g., the assignment of cables and frames) in section 3.3) are proposed
as follows:

4.2.4.1 In-Plane State Estimation (In-Plane Observer)

To overcome the drawbacks of IMU noise and inaccuracy problems (e.g., obtaining actual
position by integrating IMU acceleration signals), a method by fusing forward kinematics
and lower-cable tensions is proposed to estimate discrete in-plane states as below (the
detailed implementation process is shown in Algorithm 2):

LO - %(?3(71:10(]{:) + TClQ(k)l _T3cal)

1:;3(k) _ US(TcloJrTcu)ﬂ)Ts (4 14)
Ly(k) Loy — ,,%4(174(719(/?) + TcH(k)Z_Tllcal) '
774(Tc9+Tc11)3—Sﬂ>T4
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In-plane MPC
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Figure 4.8: In-plane state and input responses at the example point P, where the open-
loop control and in-plane MPC control are implemented, respectively.

where L;, k., ni, and Tiq (i = 3,4) are estimated discrete lower-cable lengths, cable
stiffness, calibrated coefficients, and calibrated cable tensions, respectively. Other variables

have been defined in subsection 3.3.2. 2% indicates the 3rd-order-sliding-mode filter.

Then, a vector AL(k) € R? representing the change of cable lengths is defined as

ALk) = {Luf) —Li(k—1), fori=34 (4.15)
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Figure 4.9: Out-of-plane state and input responses at the example point P,, where the
open-loop control and out-of-plane MPC control are respectively implemented.

where the ith cable length is computed as

Li(k) = [l[aia; @iy, aiz]" = [Pma (k) Py (k) Pz ()] = B[ iy, 7] - (4.16)

9
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The in-plane states can be estimated by substituting (4.15) into (4.17):
h(k) ==[(Jinp(L(R)) Tin, (L(R)) + )]

Jinp(L(K))AL(K) (4.17a)
Pma(k+ 1) [Da(k)
Pry(k+1)| = | Pmy(K) | + h(k) (4.17b)
| Y (k+1) | Y ()
Do (k4 1)]
Dok + 1) | 255 g (B + 1) (4.17¢)
| Ym(k+1) |

OL

where h is each consecutive step, Ji,,(L) -~ represents the Jacobian matrix,

T B[pmaPmyyym]

and p is a damping parameter. (4.17a) is obtained using the Levenberg-Marquardt (LM)
optimization algorithm [90]. [pmz,pmy,ym]T and ;,, are in-plane state vector and the
estimated state vector, respectively. (4.17) is forward kinematics based in-plane state
estimation.

In section 5.2, the cable stiffness k.3, k.4, calibrated coefficients 73, 74, and cable
tensions Tieqr, Thea equal 753.045 N/m, 753.045 N/m, 0.477,0.477,80 N, 80 N, respectively.
The damping parameter p equals 2. Additionally, the coefficients of the 3rd-order-sliding-
mode filter in (4.14) and (4.17) are equal to 10000, respectively.

State estimation is vital in control design. The signals for the proposed state estimation
came from accurate industrial encoders in servo motors and force sensors (Transducer
Techniques, TLL-1K), respectively. In contrast, the states in [53] were estimated using
IMU signals (via integrating with moving average filtering), which often resulted in error
drift. Hence, the proposed state estimation is more robust than that of [53].

4.2.4.2 Out-of-Plane State Estimation (Out-of-Plane Observer)

The discrete out-of-plane state estimation shown in Algorithm 3 is proposed to illustrate the
implementation process. Since the IMU signal includes real states Zouy(k), noise doyep(k),
and steady-state errors e, (k), then the discrete state-space model of the Kalman filter
is computed as

xeoutp(k + 1) = Aeoutp(k>xeoutp<k) + Beoutp(k)ueoutp(k)
yeoutp(k) = Ceoutp<k)xeoutp(k> (418)
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Algorithm 2 Estimation of the in-plane states

Input: The measured lower-cable tensions (via force sensors) Tuo(k), Teio(k), Ter(k),
Tw12(k), upper-cable lengths (via encoders in servo motors) Loi(k), Lo2(k), and lower-
cable lengths (via encoders in servo motors) Los(k), Los(k).

Output: Estimated in-plane state vector Z;,,(k + 1).

1: Initial state vector [pmz(0), Pmy(0), vm (0)]T = 0;

2: Given Too(k), To(k), Ta1(k), and Tcu(k;) to compute the estimated lower-cable ten-
sions T3 and T via N3(Te10 + Tha2) F5M, Tg and n4(Too + Te11) SSME, Ty, respectively:;

3: Given Los(k) and Los(k), and substitute Tg(k) and Ty(k) into (4.14) to calculate the
estimated lower-cable lengths Ls(k) and Ly(k);

4: Compute Ly(k), Ly(k) — AL(k) by using (4.15);

5. Resubstitute AL(k) into (4.17a), the consecutive step vector h(k) is computed;

6: Substitute AL(k) and  [pmz(k), Py (k), vm(K)]T  into  (4.17b),  the new
[P (k + 1), Dy (k 4+ 1),y (k + 1)]7 is calculated;

7. Update [pmz(k + 1), pmy(k + 1), 7 (k + 1)]T by using the 3rd-order-sliding-mode filter
(4.17¢), then the estimated [Py (k 4+ 1), Py (k + 1), Y (k 4+ 1)]7 is obtained;

8: Return &, (k + 1) = [Poma(k 4+ 1), Py (K + 1), Y (k +1)]7.

With the state vector Teoup(k) = [Toutp(k), doutp(k), €outp(k)]T and input vector wepuy(k) =
[szmu( ), &mu(k), B (k)]T. The acceleration §i7%(k), angle velocity ¢ (k), and angle
Veloc1ty B;,T“( ) signals come from IMU, respectively. In addition,

Aoutp (k) 0

Aeli) = | 174 aopa] Bt = | P (a0

CeOUtp(k>: » 717070707071707070 ) (419b)

Aoffset(k) = (419C)

where Ay, (k) and By, (k) are obtained using (4.12b). For the experiments in section 5.2,
state and input weighting matrices are equal to Qeoutp = diag([0.0001,0.0001,0.001,0.001,
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Algorithm 3 Estimation of the out-of-plane states

Input: The measured IMU acceleration p"™“(k), angle velocity &™*(k), and an-
gle velocity ﬁ;fl’“‘( ); the vector of angle and angle velocity of the pendulums
[Qpl(k)70p1<k)79p2<k)79p2(k)]T-

Output: Estimated out-of-plane state vector Zou,(k + 1).

1: Given "™ (k), a/™(k), B™*(k), and substitute (4.18) into the Kalman filter, then the
corresponding Kalman gain is computed. Based on the obtained Kalman gain, the
state vector [Pms(k + 1), Pms(k + 1), don(k + 1), don(k + 1),.Bm(k +1), B (k + DT =
[Pz (b + 1), Pz (b + 1), (K +1 ), éon(k+ 1), Bn(k + 1), Bu(k + 1)]T can be esti-
mated by updating prediction and measurement online;

2: Substitute [0,1(k), 6,1 (k), Opa(k), épg(k)]T into the 3rd-order-sliding-mode filter,

the state vector [épl(k+ 1), Gpl(k—l— 1),0,0(k+1), 0,0k + D)7 = [0p(k+1),
Op1(k + 1), 0,0(k + 1), 0,0(k + 1)]7 is estimated directly;

3 Return Eoup(k + 1) = [Pk + 1), Prus(k + 1), G (k + 1), G (k4 1), Bk + 1), G (h
+1)7 épl(k + 1)7 9p1< k+ 1)? ép2<k + 1)7 éZJ?(k + 1)]T

5 &
0.5 ;’d; {1
o] = EEREEE
= | 5 o- P
o ~— O* $ L
=0 3 § Tt s
> & L
S - Reference - True state
5L —Estimate ] 205 ) |- Estimate
-15 -10 -5 0 5 10 15 0 1 2 3
Pma (Cm) Time (S)
(a) (b)

Figure 4.10: An example to verify the proposed estimators. (a) In-plane trajectory (pm.
VErsus pp,,) and (b) out-of-plane trajectory (p,,. versus time)

0.0001,0.0001,0.2,0.1,0.1,0.1, 0.1, 0.2]) and Reeu, = diag([0.00001, 0.01, 0.01]), respectively.

By substituting (4.18) into the Kalman filter, the corresponding Kalman gain is com-
puted. Using the obtained Kalman gain, the IMU-based out-of-plane states will be esti-
mated by updating prediction and measurement online.

The pendulum angle signals are obtained from encoders, then states [0, (k + 1), é 1(k
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A~ A

+1),0p2(k +1),0,2(k + 1)]7 are estimated via the 3rd-order-sliding-mode filter, and the
coefficient of the filter equals 1000.

To show the effectiveness of the estimators, an example including the in-plane trajectory
(Pma VEISUS Pp,,) and out-of-plane trajectory (p,. versus time) is given in Figure 4.10. The
reference trajectory and true state are based on the measured data using a camera tracking
system (Krypton RODYM [52]). Clearly, the estimates track the reference or the true state
very well, i.e., the above in-plane and out-of-plane estimators are effective.

4.3 Vibration Control and Trajectory Tracking: Prac-
tical Methods

Based on the linearized model and reference variables obtained in subsection 3.4.4 and
subsection 3.4.5, two control architectures are developed (shown in Figure 4.11): MPC
with integral action and MPC+PI with integral action.

4.3.1 MPC with Integral Action

In Figure 4.11(a), the MPC with integral action has two control loops: an MPC-based
loop and an integral compensator-based loop. MPC is used for state feedback control and
the cost function with constraints is defined as

Np—1

min 3 {x(k:)Tpr(k;) + u(k)TRpu(k;)}

k=0

+ z(k)" P (k) (4.20a)
s. t. z(k+ 55) = A(k)x(k) + B(k)u(k)

y(k) = Cx(k) (4.20b)

xp < xz(k) <zy

ur, < u(k) <uy

R, =R, » 0,R, € R”®

Qp — QIY; i O, Qp c R12><12

P,=P] = 0,P, e R™**"
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where the state vector £ = [Pz, Pmz, @my G, B, Bon, 6,1, épl, 6,2, épg, Ps, s’ and the control
input vector u = [1,1,Tp2, fs]*. (4.20b) is the discrete state-space model of (3.58) with
R,, @Q,, and P, denoting input weighting matrix, state weighting matrix, and terminal
weighting matrix, respectively. x, zy, ur, uy represent the lower bound and upper bound
of states and control inputs, respectively.

To solve (4.21), some alternative solvers can be used, such as qpOASES [37], CVXGEN
[75], etc. Due to the limitations of code generation in Beckhoff TwinCAT development
environment [10], in this chapter, one can find the unconstrained optimal solution and
consider the constraints in (4.20) as control saturation to avoid overshoot.

Substituting (4.20b) into (4.20a), one can obtain a quadratic programming (QP) prob-
lem as

1 o _ o
J(xy, U) = §UT(zclﬂ’QpcI) +2R,)U + 2f (2FTQ,®)U
+ $£(Qp + FTQpF)xk (4.21)

where

Cgp = diag(QP? QP> Tty Pp)7

R, = diag(R,, Ry, - , R,),

I u(k) A
u(k + AT/T,) A?

U= . .

[ u(k + (N, — ))AT/T,) AN

[ B 0 0
AB B 0

KA
I

ANe—1B  AN»—2R ... AN»—NePB
with IV, and NN, represent the predictive horizon and control horizon, respectively.

Let % =0 [L11], the optimal input of (4.21) is computed as
u* = — [I3x35,0(®7Qd + R) " TQTF xy. (4.22)
:51?;pcl

In Figure 4.11(a), the integral compensator (integral gain K ;) is included to stabilize
the system, i.e., result in the tracking error (r(k) — y(k)) converging towards to zero
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Figure 4.11: Control architectures. (a) MPC with integral action and (b) MPC+PI with
integral action. The components of the UMM are illustrated as follows: 1) the mobile
platform has no control input and six states (P, Pmzs Qmy X, B, Bm), and the states were
obtained using a Kalman-based method [92]; 2) the kth (k = 1,2) pendulum is actuated by
the corresponding servo motor (Beckhoff, AM8131-0F20-0000). Each pendulum has one
input (torque 7,;) and two states (6, épk); 3) the linear slider is actuated by a stepper
motor (Nema 17, 42mm) with an encoder (Avago, HEDS-5540 106), and it has one input
(force fs) and two states (ps, ps)-

asymptotically. Finally, by combining with (4.22), the control law for the system is designed
as

u(k) = u* + Ky (r(k) — y(k)) + uy

]T

(4.23)

where the reference input vector u, is equal to [Ty, Tpor, fsr
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4.3.2 MPCHPI with Integral Action

Different with that of MPC with integral action in Figure 4.11(a), the MPC+PI with
integral action shown in Figure 4.11(b) has three control loops: an MPC-based loop
for the mobile platform and two pendulums, a PI controller-based loop, and an integral
compensator-based loop. In this case, the MPC cost function with constraints is redefined
as

Np—1
min Z {xlel(k)Tprwxl(k) + U2><1(k)TRp
k=0
U2x1(k)} + xlel(k)Tprloxl(k) (4.24a)
s. t. T1ox1(k + %) = Ajox10(k)x10x1(k) + Biox2(k)
U2><1<k)
y(k) = Cax1010x1(k) (4.24b)

xr < xyox1(k) < 2y
ur, < ugx1(k) < uy
R,=R] - 0,R, € R*?

Qp = Qg = 0, Qp € R10x10

P, =P/ = 0,P, e R
with 1941 = [pmzapmzv Qs Oy, Bma Bma Qph 9]317 €p27 ép2]T and uzx; = [Tpl’TpZ]T- The re-
duced state and input variables x19x; and usy; are obtained by removing the slider’s states
and input (in (3.57)), respectively. (4.24b) is obtained by linearizing (3.57) around the
reduced reference state vector z,19,;. Compared with (4.20), other variables (e.g., R,,
Q)p, and P,) are extended to different dimensions. Then, the optimal input of (4.24) is
computed as

Uy = — [12x2, 0](§)TQ‘§ + R)il(i)TQTﬁlkaxl- (4.25)
::IS;lPCQ

In Figure 4.11(b), the PI controller (gain K,;) and the integral compensator (integral
gain Kyy;) are also included. The PI controller is utilized to control the position of the
slider. Also, the PI controller is selected since the stepper motor is under speed control
mode. Hence, in this case, the control law (combining with (4.25)) for the system is
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described as

u(k) = [u“} + 10,0, — K, Zzl(Psr(k‘) — ps(k))
' Psr(k) — ps(k)
+ Kp(r(k) — y(k)) + . (4.26)

Another feature of the above control algorithms can be summarized as below: (4.23)
and (4.26) are easy to be implemented in practice because one can tune the parameter
Ky to reject errors when the dynamic model is not accurate enough.

4.3.3 Stability Analysis

To analyze the system stability, direct Lyapunov [69] and indirect Lyapunov approaches
can be used. Since the linearized model (3.59) around the equilibrium point is known,
then the indirect Lyapunov-based stability will be developed. Based on the control design
shown in subsection 4.3.1 and subsection 4.3.2, two theorems are introduced to analyze the
stability in the following cases:

Theorem 4.3.1. Suppose a close-loop control law u = [Kpper, K fbi] [z(k:)
feedback gain [Kppe, K] can stabilize the augmented system (3.59), then klim ylk) =r
—00

}+ur with the

for an arbitrary constant disturbance w and reference r [19].

Proof. Substituting v = [Kper, K i) Egzﬂ +u, into (3.59), one can get

] = e S ) (o] o
) o) (1) + (o)
_ [A+ BEypa BKf,n] [:((Z))}

. —C I
+ {zg ﬂ {wt“] (4.27)
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The characteristic polynomial of (4.27) can be computed as

A — A — BKpppa —BKﬂ,i] (128)

9\ = det{ C (=D

where A is the eigenvalue. Since (4.27) is asymptotically stable via controller design and
(w,r) are constant, then the roots (i.e., eigenvalue A) of (4.28) must locate in a unit circle.

Hence,
> {0 ) [0} -
= lim (2(k + 1) — 2(k)) = 0

k—o0

= lim (z(k) +r —y(k) —2(k)) =0

k—o0

= lim (r —y(k)) =0

= lim y(k) =r.

k—o0

O

Theorem 4.3.2. Assume another close-loop control law v = Bnper - 0 K i z(k) +u,

with the feedback gain K78m2 K(') ] : Kﬂn-] can also stabilize the augmented system (3.59),
pL

then klim y(k) = for an arbitrary constant disturbance w and reference r.
—00

Proof. Using the similar proof approach as that for Theorem 4.3.1 by substituting u =

Kmpez 0 K g z(k) +u, into (3.59), the corresponding characteristic polynomial
0 Km‘ Z(k)

is calculated as

Kmch 0 )
M —A— B[ 0 Km} —BK i

g(A) = det :
C (A=11I

(4.29)

Since this closed-loop model is also asymptotically stable and (w,r) are constant, the
roots of (4.29) locate in a unit circle. One can conclude as below: klim (z(k+1)—z(k)) =
— 00

0= klg(r)lo(z(k) +r—y(k)—z2k)=0= ]}1_{20 y(k) =r. O
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Clearly, Theorem 4.3.1 and Theorem 4.3.2 are applied to the closed-loop systems in
subsection 4.3.1 and subsection 4.3.2, respectively.

Remark 4.3.1. Theorem 4.53.2 can be generated to a multi-loop feedback gain (i.e., defined
as) [diag([Ky1, K, ..., Knl]), Kpi] ({Vm € N:1 < m < 12}) to stabilize the augmented
model (3.59).

Using the similar approach (for Theorem 4.3.2) one can easily prove Remark 4.3.1.

In this chapter, the stability around the reference point (3.60) is analyzed, which is
considered as the equilibrium point. One can also derive the Lyapunov function at each
time iteration using the method in [36] for other potential applications.

4.3.4 Simulation Results

4.3.4.1 Case Studies

To demonstrate a warehousing application in simulation, a step reference is given to the
slider, i.e., (pss = 0m) — (ps, = —0.15m). Additionally, the initial states are equal to
zero, input pulse disturbances are given, the system keeps its maximum allowable cable
tensions, and the desired in-plane position (P, pmy) of the mobile platform is always equal
to (0,0) m.

Based on the above setup and tuning parameters shown in Table 4.3, the open-loop
control, MPC with integral action, and MPC+PI with integral action are implemented,
respectively. The simulated responses with these control strategies are shown in Figure 4.12
and Figure 4.13. In this case, the moving slider generates reaction forces to the mobile
platform, resulting in the mobile platform vibrating. The control goal is to minimize the
vibrations and increase the position accuracy of the end-effector.

For the MPC with integral action, MPC is used for state feedback control, including two
objectives: 1) dampen the mobile platform’s undesired out-of-plane motions and keep the
states at zero; 2) to achieve the position control for the slider. While for the MPC+PI with
integral action, MPC and PI controllers are used to achieve the goals 1) and 2), respectively.
For both control architectures, the integral compensator (integral gain Kp,) is utilized to
stabilize the system, i.e., resulting in the tracking error (r(k) — y(k)) converging towards
to zero asymptotically.

Figure 4.12 shows the state and input responses using open-loop control. Since the
stepper motor is commanded in speed control mode (see subsection 3.4.1), the PI controller
is still applied to the stepper motor to bring the slider to the target position p,,.. Clearly,

87



Table 4.3: Tuning Parameters for Simulations

Control structures Parameters

T, = 0.01s (sampling time); AT = 0.02s (interval time);
N, =5 (predictive horizon); N, = 5 (control horizon);

R, = diag([0.014, 0.014,0.0015]) (input weighting matrix);
Q, = diag([100,100,1,1,1,10,1, 1,1, 1, 150, 0])

(state weighting matrix);

MPC with P, (terminal weighting matnx) is the solution of the

. Lyapunov equation AP,A” — —Qp;
Integral Action P, =@, (terminal Welghtlng matrlx)
rp = —oo € R?*! (lower bound);

ry = oo € R ! (upper bound);
ur, = —1[3,3,10]" (lower bound);
uy = [3,3,10]7 (upper bound);
Ky = [1,1,22.75]7 (integral compensator gain).
T, =0.01s; AT = 0.025;
N, = N, = 5; R, = diag([0.3,0.3]);
R, = diag([1.5e*, 1.5e*, 1e?, 1€?, 2¢2, 2¢%,1, 1, 1, 1]);

MPC+PI with P, is the solution of the Lyapunov equation
Integral Action AP,AT — —Qp;

ZCL——OOERIOXI U:OOGRI()Xl

uy = —[3, 3]7; = [3, 3]7;

Kp =[1,1, 1] K = [30,50] (PI controller gain).

in Figure 4.12(b), the actual position of the slider p, can converge to the reference position
psr = —0.15m. During this process, the movement of the slider generates a reaction force
resulting in the vibrations of the mobile platform (see the state responses in Figure 4.12(a)).
In this case, there are no control inputs to the pendulums (in Figure 4.12(c)), and the input
disturbances also contribute to the vibrations. Because of the system damping behaviors,
the vibrations finally close to zero. However, when the controllers (MPC with integral
action and MPC+PI with integral action) are applied, clearly, the vibrations damp out
faster (shown in Figure 4.12(a)). Also, due to the in-plane kinematic constraints and high
stiffness of cables, the oscillations of angle «,, and 3, are small (discussed in section 3.4),
but the amplitude in the Z-direction (i.e., p,,.) is quite visible. Using these two controllers,
the amplitude is clearly eliminated. Furthermore, the control inputs (in Figure 4.12(c)) also
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contribute the reference tracking (shown in Figure 4.12(b)) for the slider and pendulums.

Substituting the obtained values (in Figure 4.12) into (3.46¢), the end-effector position
Pe = (Te, Ye, 2ze) can be computed, as shown in Figure 4.13. In Figure 4.13, z, is small, be-
cause the X-direction is parallel with in-plane. In the Z-direction (i.e., z.), three controllers
have close performance (since in the open-loop controller, the slider is also applied the same
PI controller), but MPC with Integral Action converges faster. In the Y-direction (i.e., y.),
the MPC with Integral Action and MPC+PI with Integral Action bring the UMM to the
same position, which is larger than that of open-loop control. Hence, it can be concluded
that two closed-loop controllers can improve the position accuracy of the end-effector.

In summary, the simulation results show that both control algorithms can achieve the
objectives and have better control performance than that of open-loop control. The open-
loop control also results in zero states of the mobile platform because of the damping
behavior of the system. Clearly, the control performance validates the effectiveness of
the control design. The results also show that when input disturbances are given, both
controllers work well, i.e., excellent robust performance.

4.3.4.2 Discussion

Using (A.9) (see Appendix A.3), the performance indices results are shown in Figure 4.14
((a) Jmest versus Jyg and (b) Kpest VEIsus Kpq, respectively). Clearly, Jiq < Jmest and
Kmd << Kmest for different in-plane positions (py., pmy) in the feasible domain. The greater
Jmest and stiffness magnitude ke [124] indicate more effort to enhance system stability.
Meanwhile, using the proposed control strategies in Figure 4.11, disturbance rejection is
achieved.

4.4 Redundancy Resolution and Disturbance Rejec-
tion via Torque Optimization

4.4.1 Problem Definition
Consider a general second-order nonlinear system [108]:

q :f(Q7 QJ U, t) = flx/(q7 Q7 t) + fA(Q> q.a t)uv
rank(fa(q,q,t)) < na—+ny (4.30)
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where f(q,q,u,t), fu(q,q,t), and f4(q,q,t) indicate an underactuated system, an unactu-
ated subsystem, and a fully-actuated subsystem, respectively. ¢ =: [¢}, ¢/|T € R,
qga € R™ and g, € R™ represent all generalized (joint) coordinates, actuated joint co-
ordinates, and unactuated joint coordinates, respectively. ¢ € R™A*" ¢ and ¢ denote a
vector of velocities, a vector of system inputs, and time, respectively.

When a new constraint is introduced into (4.30), i.e.,
Pe = Jeqa, Ne < Mg (4.31)

where p, € R™ and J, denote the velocity vector of the end-effector and task Jacobian
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matrix of a robot, respectively. Eq. (4.31) indicates the redundancy resolution problem
(i.e., pe = Ga) of a redundant actuated system by given p..

To solve (4.30) and (4.31) at the same time when the position p. or velocity p. of the
end-effector is given; however, the existing research focuses on actuated joints (in joint-
space), unactuated joints (e.g., disturbances applied to the unactuated joints may affect the
motion of a robot) are not considered. To address this problem, the redundancy resolution
and disturbance rejection via torque optimization in the three-dimensional (3D) are studied
by using the proposed robot shown in Figure 3.10.

In addition, in practical applications (e.g., pick-and-place), it is interesting to study
the Cartesian space trajectory of the robot end-effector, which means only Cartesian posi-
tion pe, velocity p., and/or acceleration p. are given. The main goal is to find joint-space
commands (e.g., angles and velocities), i.e., the redundancy resolution problem. In this
case, two new methods are proposed to solve it: joint-space torque optimization for actu-
ated joints (TOAJ) and joint-space torque optimization for actuated and unactuated joints
(TOAUJ).

4.4.2 Joint-Space Torque Optimization for Actuated Joints

(TOAJ)
To obtain the optimal actuated-joint torque 74 € R®, the cost function is defined as
min A = = || M3 (4.32a)
TAES 2 A 2
st A = {argmin o = Joiia + Joia (4.32b)
s.t. Ma(ga)ga + Calqa, 4a)ga + Galqa)
+Tau =TA (4.32¢)
TA = [Fm:m mea Taly Ta2, Ta3]T7
Fna = Tot)s Fony = Tmi2 } (4.32d)

Where qa ‘= [pmmapmyy eah 8a27 9a3 ) QA = [pmx; pmya ‘9&17 0&27 9(13 ) and q'.A = [ﬁmm7jjmy; ealu
Oa2,043]" represent the actuated vectors of generalized coordinates, velocities, and accel-
erations, respectively. J, = % e R¥5, J, € R, pe € R3, and p, € R? are the task
Jacobian matrix, the time-derivative of J., and the position and acceleration of the end-
effector, respectively. The inertia matrix M4 (q4) € R%*5, Coriolis and centripetal matrix

I I
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Cu(qa,qa) € RS gravitational vector G4(q4) € R®, and disturbance vector 744 € R®
are obtained by choosing the corresponding actuated-joint elements in (3.69) and (3.70).
Other variables (e.g., T, Ta; Dmazs Pmy, Ba1, Ba2, 0a3) are also defined in (3.69).

The Lagrangian function of (4.32) is conducted as

P ST . s ,
A= 2 [M7ally + AT (Be = Jeda = Jeda)
1 . . _
= 5(Mada+ Caga+Gat Taa) My
(MaGa+ Caga~+Ga+Taa)

+ N (e — Jeia — Jeda)
1

= Efﬁfh + (Cada + Ga+Tan) " My'ia

1 . _ )
+ §(CAQA + Ga+ Tan) M (Caga
+ Ga+7an) + AN (e — Join — Jeda) (4.33)

where \ represents the Lagrange multiplier. Then, the necessary and sufficient conditions
[70] for a minimum of (4.33) can be computed as

g = da+ Mg (Cada+ Ga+Tan)
—JIx=0

82N _
244 >0

9 =P — JeGa— Jega = 0.

(4.34)

By arranging (4.34), the solution is described as

éjA = JeT(JEJeT)_l(p.e - ‘GQA) - (] - JZ(‘]eJeT)_l‘]e)
Mjl(CA(jA—i-GA-i-TdA). (4.35)

Eq. (4.35) shows the solution at acceleration level (by given f.). Alternately, it is

easy to convert (4.35) into the discrete-time expression by using p.(k) = 1%5:(#1),
(k=1)

galk) = M, and J.(k) = M, in which T, denotes the sampling time.
Ts Ts
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Then, the recursive formula can be described as
dalk) = JE )T ()] pelk) + {1 = JE () e (R)
VACIRFAL }{{I T.[Maa(ga(h))) ™
[Calqa(k), galk — 1)) }ga(k — 1) = T,
[MA(QA(k))]_l[GA(QA(k>) + T (k)] (4.36)

where p, is the input velocity of the end-effector. (4.35) and (4.36) can be improved by
introducing a damping gain Kgpa (K44 > 0) to stabilize self-motions:

Ga=JI(JIE) (Be — Jeda) — (I — JE(JTE)VT)
My "(Cuga+ Ga+ Tau — Kapaga) (4.37)

and

LI k) P T = TuMalaatk)) ™
[CA(QA(k ) ] (k - 1))] + TstpA}q;ﬁl(k - 1)

dalk) = JL(R)LI(R)IE (0)] " pelk) + {1 = JE (R ()
): 4a
— T[Ma(ga (k)] [Galaa(®) + Taa(k)]}, (4.38)

Eqgs. (4.37) and (4.38) can be extended to other redundant robots. Additionally, for
the HCDR-4 shown in Figure 3.10, two types of motion (p, =: [Dex, Dey, Pez]" ) are available
to the end-effector, i.e.,

{pez =0 in-plane motion (4.39)

Pe. # 0 out-of-plane motion

where pey, pey, and pe, represent the positions in the X-, Y-, and Z-directions (with
respect to frame {O}). When p., = 0, the redundancy resolution problem can be solved
by using (4.37) or (4.38). However, when p.., # 0, the constraints of pendulums are
needed to associate with (4.32), i.e., to balance reaction forces/moments generated by the
movement of the robot arm. In this case, an equilibrium condition is considered via the
following method: computing the nominal angles of pendulums (6,1, 6,2) using the obtained
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(0a1,042,0,3) in the previous step, and the problem is described as

[gpl} = Argmin [ZMvaM ] [ZMy,ZMx]T (4.40a)

0a1,002,043

Sty My = May — Myrz — Mya, (4.40b)
> My = Moy — My, — My, (4.40¢)

where Mz, Mgy, Mpiz, Mpiy, Mpay, and M,,, denote reaction moments of the robot
arm and two pendulums to the mobile platform about its X- and Y-axes, respectively.
These terms can be computed as

Max = Mg[L 07 O]Ta
May = MT[0,1,0]7,
3 3 3
Ma = (=2 <(pa£ —pa(e,n) x -Z@ fa(j+1)) + (Pa1 — [pmwpmy?pmz] ) X Z a(j+1)
X - = !
+ ZQ ((paCj pa(j—l)) X faj) + (pacl - [pmarypmyvpmz] ) X fal
j=
3
+ Zl Raj (Iajwacj + Wacj X (Iajwacj»
\ J=
(4.41)
and
Mz = ./\/lT 1,0, O]T
M /\/l 0,1,0
phy = M| ", (4.42)

Mpk - (ppck - [pmxapmyapmz]T) X <mpk(i}pck + [Oagv O]T)>
+ Rz(epk) (kawpck + Wpek X (ka(ﬂpck)) , for k = 17 2

where faj - maj<7.}acj + [079, O]T)aRal = Ry(eal)aRaZ = Ry(0a1>Rz(8a2)7Ra3 = Ry(eal)
R.(0.2)R.(043), and fas = 0. [Pma, Py, Pmz)” is the position vector of the COM of the
mobile platform. For j = 1,2,3 and k£ = 1,2, the position, linear velocity, and angu-
lar velocity vectors puj, Dacj, Ppeks Vacjs Upck> Wacj, and wpe, are obtained using the equa-
tions shown in Appendix A.4. The vectors of linear acceleration and angular accelera-
tion Vgej, Upeks Waej, and wper, are time-derivatives of vqej, Upek; Waej, and wper, respectively.
Other parameters such as mq;, o5, Mpk, Lk, and g are provided in Table 3.6. Eq. (4.40) is a
nonlinear optimization problem and can be solved using nonlinear solvers (e.g., MATLAB
function fmincon which is used for case studies in subsection 4.4.6).
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4.4.3 Joint-Space Torque Optimization for Actuated and Unac-
tuated Joints (TOAUJ)

The cost function (4.32a) is used to solve the redundancy resolution problem by minimizing
actuated joint torques. However, when unactuated joints exist, minimum of actuated joint
torques may not be guaranteed due to the coupled actuated and unactuated joints, e.g.,
disturbances resulting from unactuated joints. In this case, a new cost function is proposed
to address this problem:

Jnin A= % HMAJ[TA?,TZ]THE (4.43a)
s.t. SH= {argmin Pe = Joga+ Joga (4.43b)
s.t. Ta = [Finws Fings Tal, Ta2, Tag]T (4.43c)
Tu = [Finz, Mg, Myy)" (4.43d)

Fina = Tol1]s Fimy = Tinj2), Fimz = Timjs),
Mg = Tofa); Miny = Tmm} (4.43e)

where 74, 74, and M 4, denote the actuated torque vector, unactuated torque vector, and
combined inertia matrix, respectively. The forces (Finu, Finy, Finz) and torques (Mg, Moy,
Tal, Ta2, Ta3) i (4.43e) of the mobile platform and robot arm are obtained using (4.32¢)
and (4.32d). Then, the new mapping from actuated and unactuated joints to the end-
effector (velocity vector p, and acceleration vector p.) is computed as

pe = [Jea O] [qav QZ]T
Pe = [Jea O] [q/h Qu] + [J6> 0] [Q_Aa qL{]

Where qaA = [pmocapmya 9(117 0(127 0a3]Ta QA = [pm$>pmya 9a17 éa?a éaB]Ta (jA = [pmmﬁmya éala éa2a

9613}717 qu ‘= [pmmam?Bm]Ta C]u = [pmzadmaﬁm]T, and QL{ = [ﬁmz,dm,ﬁm]T represent the

actuated and unactuated vectors of generalized coordinates, velocities, and accelerations,

respectively.

One can also conduct the Lagrangian function (in the form of (4.33)) to solve (4.43)
and the discrete solution is described as

{QA(ZC)] _ {ije(k)] . {je(fws + TiKapa) 0]

Gu(k) 0 0 Isns + ToK g
Ga(k — 1>} [JE 0 } 1 [FA}
: - T.M 4.45
{qy(k —1) 0 I3x3 AU Fy (4.45)

96



with

Je = Isxs — JF (k) (k) (4.46a)
Fa = [Clq(k),q(k — 1))] 1,2,9: 11]CIA( —1)
+[G(q(k)) + Ta(k)]j1.2,011]
= [C(q(k), q(k — 1))]351Gu(k — 1) (4.46b)
+[G(a(k)) + 7a(k)]i3:5) (4.46¢)

where J is the pseudoinverse of matrix J.. Finally, (4.45) can be rearranged as

(JA(k> - ije(k) + jeu + TstpA)(jA(k - 1)

~Ts(Isxs — J Je)Ea (4.47a)
Gu(k) = (Isxs + TsKap ) Gu(k — 1) = T2y (4.47b)
with
{Mfzf Mﬁluu} ,: {MAL{[I,ZG:S][LZ,G:S](k)a
MY MYy M auzsip268(k),
M apq11,2,6:8][3:5) (k‘)}
i 4.48a
M au3:5)3:5) (k) ( )
— [ —1 -1
=ai= | M - M (M) MZ;,“]
[ -1 | F!
toes, M 0280) ] 3] (1.48)
r _ —1
== [ = gt Oty e
[ -1 FA
__M%(Mﬂ) 7I3><3i| {Fu} (4.48c¢)

where (4.47) is a complete expression that can solve the redundancy resolution problem
(using (4.47a) for actuated joints) as well as disturbance rejection (using (4.47b) for unac-
tuated joints).

4.4.4 Algorithms of the TOAJ and TOAUJ

To implement the formulas (TOAJ and TOAUJ) in subsection 4.4.2 and subsection 4.4.3,
here, the corresponding algorithms (shown in Algorithm 4) are proposed as follows: first,
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two desired end-effector points (positions Per(i—1) — Deri and velocities peqi—1) — Deri)
and joint-space disturbances 7,5 are given. The goal is to solve the redundancy resolution
problem (i.e., generate an array of actuated joint-space positions/angles and velocities
ga(l1: N+1),4a(1: N+1)) and reject disturbances. In Step 3 and Step 4, the trajectories
of p.(k) and p.(k) can be generated using different methods, e.g., (4.51) in subsection 4.4.6.
After completing the iteration, finally, ga4(1 : N 4+ 1),4a(1 : N + 1) are obtained. The
generated data also provides reference states for online control. Additionally, in Step 9, for
the TOAJ, let Ky be 0 (indicating TOAJ mode) to compare the performance of TOAJ
and TOAUJ.

4.4.5 Control Design

The joint-space states (qa, ¢a, 0p1,0p2) can be obtained by using Algorithm 4. One of the
advantages of this process is that the state data can be generated offline to reduce the
computation cost, particularly, on embedded systems. In this section, one can consider
control design by applying the offline data.

The online control objective is to track the reference trajectory. To achieve this goal,
the proposed nonlinear control law w is designed as

u= diag(Ay_nh,Q][gA}a [2><27 [3><3){KAp€A + KAdéA
t
K / eAdt} (4.49)
0

where K 4, K 44, and K 4; are positive gains. The error vector between the reference and
measured values is defined as

A A A ~

€A = [pmx7pmy7 0}017 0p27 ealv 0(127 0@3]T - [pmxa ﬁmyv épl» 91727 Qah 9a27 9a3]T~ (450)

é4 is the time-derivative of e denoting velocity errors. Regarding subsection 3.5.3, one
can also get u = [073, 0Ty, Tp1, T2, Tal, Ta2; Taz) ", SO the controller (4.49) has the following
abilities: damp in-plane vibrations using lower cable tensions (073, 07}), eliminate out-
of-plane motions of the platform ¢, using the torques of two pendulums (7,1, 7,2), and
generate joint torques (7.1, Ta2, Ta3) for the rigid robot arm. In this way, the controller
(4.49) attempts to minimize the tracking errors over time by adjusting u.
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Algorithm 4 TOAJ and TOAUJ implementation to solve the redundancy resolution
problem and disturbance rejection via joint-space torque optimization.

Input: per(ifl)aper(ifl)aperhperi-
Output: ga(1: N +1),ga(l: N +1).
L: Initialize g(1),q(1), pe(1) = per(ifl)vpe(l) = per(ifl)ape(N + 1) = peris pe(N + 1) = Peris
2: fork=1to N+1do > Trajectory generation from point (per(i—1):Per(i—1)) t0 Point (Peri, Peri)-
3: De(k) = go(Deris e (k)), pe(1) = Per(i—1); > gy (Peris Pe(k)) is a velocity function, e.g., (4.51).
4: Pe(k) = ga(Perir Pe(k)),De(1) = Per(i—1); > ga(Peri, Pe(k)) is an acceleration function, e.g., (4.51).
5. Compute [M(q(k))]11x11, [C(q(k), 4(k — 1))]11x11, [G(q(K))]11x1 using (3.69);
— My = [ (q (k‘))] 1:5,9:11][1:5,9:11] 5 [C(Q(k),q'(k - 1))][1:5,9:11][1:5,9:11]7 [G(q.(k))].[l:m:n] in (4.48a);
> [pmmapmya eala 0a27 0a3]g><1 =dqA, [?mzvpmy, Hala 0(127 9a3]g><1 = QA,
[pmza Qs ﬁm}:{x] = qu, [pmza dma Bm]gxl = CJZ,{,
q= [pmzapmyapmza Qm,, B_mv 0, 91}17 9.1)27 e.ala 9}127 9@3}{1><1;
q = memapmyvpmzv [T 6m7 0, 0; 0, Hala 0(127 9a3]{1><1'

6: Calculate J.(qa(k)), J) (qa(k)) using (3.69);
T AT < (Pma(k), pmy(k)) using (3.70);
8: Ga(k) < pe(k),ga(k — 1) using (4.47a);
9: Gu (k) < qu(k — 1) using (4.47b); > For the TOAJ, let Kgpmy = 0.
10: 9p1(k + 1), opg(k + 1) — 9a1(k), Qag(k), oag(k') using (440),
> Compute the nominal angles of the pendulums.
_ T2
= 4|t A
" a(K) = 2 (@a()] 3.0) — 1 (qa(®), ah — D)dak— )}
TA —1 |Ga(k) Fa .
=M o + using (4.46) and (4.47);
[Tu A [(Ju(k) Fu (4.46) (4.47)
E+1)=qu(k)+ ga(k)T
12: qalk+1) =qa(k) + Gak)Ts, > Discrete integration.
qu(k +1) = qu(k) + qu(k)Ts;
(')jmaxa lf ( )j 2 ( )Jmaxa J S []- 11] . . .
13: (); = . ():=qlk+1), g(k+1), or dg(k+1) = gk +
’ {()jm1n7 lf()jg()]mlna jE[l 11}
1) —q(k);
14: pe(k+ 1)« qga(k+1); > The computation of p. is shown in Appendix A 4.
15: if ||peri — pe(k 4+ 1)|| < €4 then
16: i=1i+1; > Switch to the next planning point (pey(i+1), Der(i+1))-
17: end if
18: end for

19: Return g4(1: N +1),44(1: N +1).

4.4.6 Simulation Results

To evaluate the performance of section 4.4 and subsection 4.4.5, the following cases will be
studied. All the scenarios are implemented using MATLAB 2019a (The MathWorks, Inc.)
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on a Windows 7 x64 desktop PC (Inter Core i7-4770, 3.4 GHz CPU and 8 GB RAM).

4.4.6.1 Scenario 1: Point-to-Point Trajectory

The end-effector trajectory conducted by a normalized polynomial (here, one of trajectory
generation methods and constraints that have been applied in practice in [38, 82] are
utilized for case studies) from Cartesian point (pe,(i—1), Der(i—1)) to Cartesian point (pers, Peri)
is given as follows:

;

N="7= =L kell,N+1]

Pr = Der(i-1) + (pm Per(i—1)) (617> — 150" + 107°)
pr = PE (300" — 601° 4 301%)

pr = P (1200 — 1801 4 607)

be(k) = pr + 10(pr — pe(k))

Pe(k) = pr + 10(pr — pe(k))

(4.51)

\

where the start time ¢;_1, end time ¢;, and sampling time ¢, are supposed to be 0s, 1s,
and 0.0002 s, respectively. Let the positions and velocities of Cartesian points pe,(i—1) =
[0,0.334, 0] m, peri = [0.35,0.5,0.1)7 m, peri—1y = [0,0,0]" m/s, and pe.; = [0,0,0]” m/s,
respectively. The damping gain Kg,4 = diag(500, 500, 500, 500, 500). Furthermore, the
constraints are also given as §amax = [3 m/s,3 m/s, 25 rad/s, 25 rad/s, 25 rad/s|?, Gamin =
—[3 m/s,3 m/s, 25 rad/s, 25 rad/s, 25 rad/s|]”, Gamax = [30 m/s, 30 m/s, 250 rad/s,

250 rad/s, 250 rad/s|”, and d¢amin = —[30 m/s, 30 m/s, 250 rad/s, 250 rad/s, 250 rad/s|”.
There are no constraints to ¢y and dqgy. Then, Algorithm 4 is implemented, and the
following performance indices of the TOAJ and TOAUJ are compared.

The results in Figure 4.15 and Figure 4.16 show Cartesian positions and velocities
of the end-effector and trajectory responses of the HCDR-4 by given the start point
Per(i—1) = [0,0.334,0]" m and the end point pe,; = [0.35,0.5,0.1]" m, respectively. The cor-
responding redundancy resolution of the actuated joints is shown in Figure 4.17. Clearly,
using TOAJ and TOAUJ one can get smooth trajectory and redundancy resolution re-
sponses. Compared to TOAJ, TOAUJ shows a better performance in contributing to
avoiding singularity, i.e., 6,3 is not close to zero when the HCDR-4 moves to the end point

Peri-

In Figure 4.18, 20 N, 2 Nm, and 2 Nm pulse disturbances (from 0.1 s to 0.3 s) are given
to three unactuated joints, respectively. The results show that the force/torque responses
(Fmzy Mpe, and M,,,) of the unactuated joints TOAUJ are able to stabilize unactuated
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Figure 4.15: Cartesian positions and velocities of the end-effector.

joints motions, while TOAJ can not; meanwhile, these results are validated by the state
responses of the unactuated joints (shown in Figure 4.19).

N 1/2
Additionally, to evaluate the error performance <% > Pe — Jed A||§> by using dif-
k=1

ferent methods (with the same setup), i.e., in comparison with the minimum weighted
torque norm in [55, 71, 38] and the proposed approaches (TOAJ and TOAUJ), and the
results are shown in Figure 4.20. Clearly, the errors via TOAJ and TOAUJ are much less
than that of [55, 71, 38]. The results also verify the effectiveness of the proposed methods.

4.4.6.2 Scenario 2: Point-to-Point Trajectory with the Controller

In order to evaluate the performance of point-to-point trajectory with the controller, here,
the generated trajectory states (as reference states) shown in Figure 4.17 are applied to
the controller (4.49). In this scenario, the gains of the controller (4.49) are given as follows:
K 4, = diag(1,1,0.001,0.001, 1.5,1.8,1.5), K 44 = diag(10,30,0.1,0.1,0.05,0.09,0.05), and
K 4; = diag(1,1,0.1,0.1,2,6.75,5).
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Figure 4.16: Trajectory responses of the HCDR-4 by given the start point pe.;—1) =
[0,0.334,0]7 m and the end point p..; = [0.35,0.5,0.1]7 m, where the yellow cube, blue
lines, blue circles, and magenta dotted line represent the mobile platform (cables are not
displayed here), links of the robot arm, joints of the robot arm, and trajectory of the
end-effector, respectively. (a) TOAJ and (b) TOAUJ.
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Figure 4.17: Redundancy resolution of the actuated joints.
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Figure 4.18: Force/torque responses of the unactuated joints.

Accordingly, the position tracking performance of the end-effector with the controller
(4.49) shown in Figure 4.21 indicates the following results: the tracking errors between the
reference position (pes, Pey, Pez) and the measured position (Pes,Pey, Pez) are small, while
TOAUJ-based method holds a better tracking performance than that of TOAJ. Meanwhile,
the controller (4.49) can also help position control by collaborating with the TOAJ-based
and TOAUJ-based approaches.

4.5 Summary

To achieve the objective of reducing vibrations and improving the accuracy of the gen-
eralized HCDR, three types of control architecture are developed using HCDR-1. The
proposed optimization problem (3.32) and Algorithm 1 provide an improvement over the
existed stiffness optimization approaches in [57, 70, 52, 53]. Meanwhile, they can be ap-
plied to not only CDPRs but also HCDRs.

Additionally, based on the decoupled in-plane and out-of-plane models presented in
section 3.3, two MPCs are utilized: the first is used to control the lower-cable tensions

104



— .
— n'"to.,. 2 &
o Tott N\
g _0.2F [ TOAJ \x\ g 04} “““ A
TOAUJ | = | | \X ,/(
0.2 0.4 0.6 0.8 1 0.2 0.4 0.6 0.8 1
0.5 TN 7%
— 6 AN
= i/ \m..../‘ z iy
: ' £ FoY :
= o LY N
5] \ ; CSS 0 ,’Q\ ;‘i S Y
0.5 o . ol e W NS
0.2 0.4 0.6 0.8 1 0.2 0.4 0.6 0.8 1
0 o 0 —=
='-0.5 \%."\ @ ‘\s
g . e, § ~§ 1 ‘\‘
£ _1 *\““% l_,; ”;‘
Q. \"m 3 %\ -
_1.5 L . . . . Q.““b*.'. Q _2 - . '.....:...QQQQ‘A mi"li.l.llll TS »&’
0.2 0.4 0.6 0.8 1 0.2 0.4 0.6 0.8 1
Time [s] Time [s]
Figure 4.19: State responses of the unactuated joints.
= 0.03F 0.030062 ' r g
Taa
=
T 0.02F s
~
|
= 001} .
SN
le/ 0 6.2493¢-17 6.2613¢-17
In [16], [24], [25] TOAJ TOAUJ

Figure 4.20: Error performance by using different methods.

to damp out in-plane vibrations, the second is utilized to control pendulum torques to
eliminate out-of-plane moving. To overcome the inaccurate limitation of IMU to observe
states, new in-plane and out-of-plane state estimation methods are also proposed, and
results are satisfactory.

Based on the dynamic model of the UMM, two control architectures are developed:
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Figure 4.21: Position tracking performance of the end-effector with the controller (4.49).

MPC with integral action and MPC+PI with integral action, and they can also be applied
to other recent robotic systems. Compared to other MPC-based control strategies, the
proposed controllers are easier to implement in practice.

Finally, based on the reduced dynamic model of the HCDR-4, two new methods are
proposed to solve redundancy resolution: joint-space TOAJ and joint-space TOAUJ. The
algorithms of the TOAJ and TOAUJ are also evaluated.
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Chapter 5

Experimental Results

Experiments are conducted on the platforms shown in Figure 3.3 and Figure 3.6 to evaluate
the performance of the proposed control methods in Chapter 4.

5.1 Experimental Setup

As described in Chapter 3, HCDR-2 (see subsection 3.3.1) is the decoupled configuration
based on the existing HCDR prototype. HCDR-3 (see subsection 3.4.1) includes an ad-
ditional slider to extend out-of-plane motion and manipulation tasks. The experimental
setup is provided in Figure 5.1, where the view of the whole setup, bottom view, and top
view are shown in Figure 5.1(a)-Figure 5.1(c), respectively. A Beckhoff CX2040 controller
is used to power both HCDR-2 and HCDR-3. They are connected to the control cabinet
via power and fieldbus (CAN bus) cables. A camera (Logitech) is utilized to provide the
absolute position reference for the mobile platform (one main reason is that the absolute po-
sitions of the top and bottom actuators will be lost when they are turned off). In addition,
force sensors (Transducer Techniques, TLL-1K) are used to measure lower-cable tensions
for in-plane state estimation (see subsubsection 4.2.4.1). An IMU provides acceleration
and velocity signals for out-of-plane state estimation (see subsubsection 4.2.4.2). Each
pendulum is actuated by a servo motor (Beckhoff, AM8131-0F20-0000). The linear slider
is actuated by a stepper motor (Nema 17, 42mm) with an encoder (Avago, HEDS-5540
106). The actual position can be recorded using a measurement system (Krypton RODYM
6D), such as for verifying the effectiveness of estimators (shown in subsection 4.2.4).

In Figure 5.1, the experimental setup of HCDR-3 is provided. This experimental setup can be used
for HCDR-2 by removing the slider.
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Figure 5.1: Experimental setup. (a) View of the whole experimental setup, (b) bottom
view, and (c) top view.
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Table 5.1: MPC Tuning Parameters for Experiments

Control structures Parameters

T, = 0.01 s (sampling time);
AT = 0.03 s (interval time);
N, =5 (predictive horizon);
R, = diag([0.0004, 0.0004]) (input weighting matrix);
Q, = diag([1,1,1,1,1,1]) (state weighting matrix);
P, = diag([1,1,1,1,1,1]) (terminal weighting matrix);
0Tinpr, = —[00, 0] (lower bound);
[

In-plane MPC

OTinpty = [00, 00T (upper bound);
Sinpr, = —[10, 10] (lower bound);
duinpr = [10, 10]* (upper bound).
T, =00l AT = 0015 N, = 5. K, = diag([10, 10]);
Qp — diag([0.1,0.1,1,1,1,1,1,1,1,1]);
);

Out-of-plane MPC = diag([0.1,0.1,1,1,1,1,1,1,1, 1]);
5$mL = [ ] 0Ty = [OO, OO]Ta
Sty = —[0.23,0.23]T: Supys — 0.23.0.23]T.

5.2 Experimental Results of the Decoupled System?

In this section, the decoupled system HCDR-2 (see Figure 3.3) is used for experiments. The
operation points shown in Figure 4.7 are also utilized to evaluate the control performance
in experiments.

5.2.1 In-Plane Position-Holding Performance

For the in-plane case studies, two cases are conducted: 1) with no extra load on the mobile
platform and 2) with a 6 kg extra load mounted on it to show position-holding performance
under disturbances. The system performance points P, and Py (given in Figure 4.7) are
considered as an example for discussion.

2Parts of this section have been published in [92]. © 2019 Elsevier B.V.: “As the author of this Elsevier article,
you retain the right to include it in a thesis or dissertation, provided it is not published commercially. Permission is not
required, but please ensure that you reference the journal as the original source.”
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Figure 5.2: Vibration displacements in the y-direction at the points P and P,. In this
case, there is no extra load on the mobile platform. The open-loop control, in-plane MPC
control, and in-out-plane MPC control are implemented, respectively.

Because of the kinematic constraints (i.e., high stiffness), experimental results show
that vibrations in the x-direction and rotation about the z-direction are tiny. For the
in-plane experiments, more visible vibrations in the y-direction are introduced to validate
the control performance. The in-plane and out-of-plane tuned MPC parameters used in
experiments are shown in Table 5.1.

The vibration displacements in the y-direction at the points P, and P, are shown in Fig-
ure 5.2. In this case, there is no extra load on the mobile platform, and the open-loop con-
trol, in-plane MPC control, and in-out-plane MPC control are implemented, respectively.
In-out-plane MPC means both in-plane and out-of-plane MPCs are applied. The results
can be summarized as follows: compared with the open-loop control, when the in-plane
MPC control and in-out-plane MPC control are implemented, vibration displacements are
damped out, and the steady-state response is close to zero in 0.5 s. Correspondingly, the
no-load responses of in-plane inputs 73 and 7} (including disturbances, control inputs, and
reference inputs) in Figure 5.3 show that both in-plane and in-out-plane MPC controllers
lead to inputs converge to the reference inputs (open-loop control). It can be indicated
that the proposed decoupled model is considered reasonable.

In addition, when a 6 kg load is mounted on the top of the mobile platform, the
corresponding vibration displacements and inputs are shown in Figure 5.4 and Figure 5.5,
respectively. It can be seen from Figure 5.2, Figure 5.3, Figure 5.4, and Figure 5.5 that
MPC is effective in achieving good in-plane vibration control. The no-load and load results
also show that the in-plane controller has a good robust performance to suppress vibrations.
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Figure 5.3: In-plane input performance at the points P, and P,. There is no extra load
on the mobile platform in this case. The open-loop control, in-plane MPC control, and
in-out-plane MPC control are implemented, respectively.
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Figure 5.4: Vibration displacements in the y-direction at the points P; and P,. A 6 kg extra
load is mounted on the mobile platform. The open-loop control, in-plane MPC control,
and in-out-plane MPC control are implemented, respectively.

5.2.2 Out-of-Plane Performance

Two pendulums (inputs 7,1 and 7,2) are utilized to suppress the out-of-plane motions. Sys-
tem responses at P, and P, are selected for analysis. Meanwhile, two cases are examined:
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Figure 5.5: In-plane input performance at the points P, and P;. A 6 kg extra load is
mounted on the mobile platform. The open-loop control, in-plane MPC control, and in-
out-plane MPC control are implemented, respectively.

1) no-load and 2) 6 kg load, with input disturbances.

Out-of-plane state and input performance at the points P, and P, are shown in Fig-
ure 5.6 and Figure 5.7, respectively. At these example points, open-loop control, out-of-
plane MPC control, and in-out-plane MPC control are respectively implemented. Also,
there is no extra load on the mobile platform. In Figure 5.6, it is clear that when the input
disturbances are given, the out-of-plane MPC control and in-out-plane MPC control lead
to the out-of-plane motion converging faster than that of the open-loop control. In Fig-
ure 5.7, both out-of-plane and in-out-plane MPC control lead to inputs (7, and 7,2, which
include disturbances, control inputs, and reference inputs) converge to the reference inputs
(open-loop control). When a 6 kg load is applied, the performance of states (in Figure 5.8)
and inputs (shown in Figure 5.9) is also guaranteed.

Since the above results show that out-of-plane MPC and in-out-plane MPC lead to very
close control performance, then the proposed decoupled out-of-plane model of HCDR-2
motion is considered reasonable. In short, MPC is an effective and robust approach for
out-of-plane control.

In comparison with previous studies, such as [70], [53], and [30], the results in this
chapter offer an improvement in the following aspects: 1) vibrations can be eliminated by
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Figure 5.7: Out-of-plane input performance at the points P and P;. No extra load is
mounted on the mobile platform. The open-loop control, out-of-plane MPC control, and
in-out-plane MPC control are implemented, respectively.

the proposed optimal control inputs; 2) satisfactory vibration elimination results can be
obtained by tuning the finite control horizon easily; 3) the predictive ability of MPC can
improve the control performance by incorporating the future reference trajectories. In the
experiments, the in-plane peak speed (around 0.4 m/s) is greater than that of 0.15 m/s
shown in [76]. The vibration damping performance also holds for a much larger workspace
than that reported in [30] (with the maximum position (P, Pmy) is (0.02,0.01) m).

5.3 Experiments and Robustness Verification of the
Out-of-Plane System

5.3.1 Experimental Results

In this section, experiments are conducted on HCDR-3 (see Figure 3.6). Here, the ex-

periments are focused on the out-of-plane system UMM, and the scenario is provided as

follows: the slider moves fast (see the open loop response in Figure 5.10) from the initial
position ps. = 0m to the pick/place position ps. = —0.15m, and the top speed is around
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Figure 5.9: Out-of-plane input performance at the points P, and P,. A 6 kg extra load is
mounted on the mobile platform. The open-loop control, out-of-plane MPC control, and
in-out-plane MPC control are implemented, respectively.
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Figure 5.10: Experimental response with different control strategies (the slider). The
open-loop control, MPC with integral action, and MPC+PI with integral action are im-
plemented, respectively.

0.3m/s. Input disturbances are given to the pendulums. Other setups are the same as
simulations (see subsection 4.3.4).

The open-loop control, MPC with integral action, and MPC+PI with integral action
are implemented in experiments, respectively. The experimental objectives are the same
as that of simulation (in subsection 4.3.4). Using the parameters (in Table 5.2), the state
and input responses are shown in Figure 5.10 and Figure 5.11, respectively.

In Figure 5.10, the slider moves from position O0m to the set-point —0.15m, and it
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Table 5.2: Tuning Parameters for Experiments

Control structures Parameters

T, = 0.01s (sampling time); AT = 0.02s (interval time);
N, =5 (predictive horizon); N. =5 (control horizon);
R, = diag([0.014,0.014, 0.0015]) (input weighting matrix);
0, = diag([0.01,1,0.5,1,0.5,1,1,1,1, 1,150, 0])
(state weighting matrix);
P, = @, (terminal weighting matrix);
rp = —oo € R?*! (lower bound);
ry = oo € R ! (upper bound);
ur = —[3,3,10]" (lower bound);
uy = [3,3,10]7 (upper bound);
Ky = [1,1,22.75]7 (integral compensator gain).
T, =0.01s; AT =0.025;
N, = N, = 5; R, = diag([0.014,0.014]);

MPC with
Integral Action

MPCPI with R, = Q, = diag([0.01,1,0.5,1,0.5,1,1,1,1,1]);
Integral Action xp = —oo € RO 21, = 00 € RIOXL
up = —[3,3]"; uy = [3,3]";

K = [1,1,35]"; K, = [0,30] (PI controller gain).

generates reaction forces on the mobile platform, resulting in the mobile platform vibrating
(in Figure 5.11). Meanwhile, impulse disturbances are also given to the pendulums to
evaluate the controllers’ robustness.

Clearly, in Figure 5.11, both controllers can eliminate vibrations and generate faster
responses than that of open-loop control. When the slides stops at ps. = —0.15m (the
reference angles of the pendulums are equal to —30.45deg), the tracking error of the
pendulums converges towards zero asymptotically (in about 3 seconds).

In addition, by substituting the actual position and angle values (in Figure 5.10 and
Figure 5.11) into (3.46¢), the end-effector position p. can also be evaluated (shown in
Figure 5.12). The results show that via the proposed controllers, the position accuracy
of the end-effector is improved (especially y.). Based on the results above, it can be seen
that the proposed controllers are effective to achieve the goal of tracking and vibration
suppression.
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Figure 5.12: Experimental position of the end-effector with different control strategies,
where the open-loop control, MPC with integral action, and MPC+PI with integral action
are implemented, respectively.

5.3.2 Robustness Verification

In subsection 5.3.1, input disturbances are introduced to evaluate the controller perfor-
mance. To further verify the robustness performance of the proposed strategies, three
more scenarios are conducted (other experimental conditions, including the motion of the
slider, input disturbances, parameters of the UMM, and tuning parameters are the same
as those in subsection 5.3.1) as follows:

1. Different load masses: a reference load mass 1 (1.343 kg) and an uncertain load mass
2 (around 0.7 kg) are mounted on the slider, respectively.

2. Different in-plane positions (pmz, Pmy) of the mobile platform: the desired positions
(Pmas Pmy) are equal to (—0.1,0.05) m and (—0.1, —0.05) m, respectively.

3. Different load masses and in-plane positions (P, Pmy) of the mobile platform, i.e.,
the combination of two cases above.

The corresponding experimental results are shown in Figure 5.13, Figure 5.14, and Fig-
ure 5.15, respectively. Figure 5.13 shows the damping performance of the controllers with
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Figure 5.13: Damping performance of the controllers with different load masses. (a) MPC
with integral action and (b) MPC+PI with integral action.

load masses 1 and 2, where the load mass 1 is a reference (i.e., the load mass 1 is also used
for experiments in subsection 5.3.1) and the load mass 2 is uncertain (around 0.7 kg). In
this case, the in-plane position (pyz, Pmy) is always equal to (0,0) m and two controllers
are carried out, respectively. Clearly, when the uncertain load mass 2 is mounted on the
slider, vibrations can also be suppressed by using the proposed controllers. Addition-
ally, the damping performance of the controllers with two in-plane positions (P, Pmy) of
the mobile platform is shown in Figure 5.14, where the desired positions (P, pmy) equal
(—0.1,0.05) m and (—0.1, —0.05) m, respectively. In this scenario, the reference load mass
1 is mounted on the slider. The experimental results also show that vibrations are damped
out asymptotically by using the controllers. Figure 5.15 shows the damping performance
of the controllers with the uncertain load mass 2 and in-plane positions ((—0.1,0.05) m
and (—0.1,—0.05) m). Clearly, in this scenario, vibrations can still be reduced.
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Figure 5.14: Damping performance of the controllers with different in-plane positions
(Pmas Pmy) of the mobile platform. (&) (Pmaz, Pmy) = (—0.1,0.05) m and (b) (Pma, Pmy) =
(—0.1,—0.05) m.

5.4 Summary

In this chapter, experiments are conducted on HCDR-2 and HCDR-3 to evaluate the con-
trol methods proposed in Chapter 4. The results can be summarized as follows: to evaluate
control performance for HCDR-2, the experiments are implemented in different aspects,
including (a) open-loop control, in-plane MPC control, out-of-plane MPC control, and
in-out-plane MPC control, (b) with no extra load and a 6 kg extra load, and (c) using
different operation points. The experimental results are satisfactory and also validate the
effectiveness of the decoupled method. Additionally, for HCDR-3, the open-loop control,
MPC with integral action, and MPC+PI with integral action are implemented in exper-
iments, respectively, and the proposed controllers prove effective and robust in handling
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Figure 5.15: Damping performance of the controllers with the uncertain load mass 2 and
in-plane positions (Pmz, Pmy) of the mobile platform. (a) (pmaz, Pmy) = (—0.1,0.05) m and

(B) (Pinas Pmy) = (—0.1, —0.05) m.

the tracking and vibration suppression problems.
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Chapter 6

Conclusions and Future Work

6.1 Conclusions

In this thesis, a generalized flexible Hybrid Cable-Driven Robot (HCDR) was introduced.
For the proposed HCDR, generalized system modeling was developed and then extended
to four types of hybrid robots: HCDR-1, HCDR-2, HCDR-3, and HCDR-4. Based on
these robots, control design and optimization algorithms were proposed, and the results
were evaluated using simulations and experiments. The main contributions of this thesis
are as follows:

1. For modeling and control of generalized flexible HCDR: 1) The developed equations
of motion (e.g., (3.10)—(3.16) and (3.21)) and the proof of (3.16) provide a very ef-
fective way to express the generalized dynamic modeling. Meanwhile, the proposed
dynamic modeling approach avoids the drawback of traditional methods (e.g., Stan-
dard Denavit-Hartenberg (DH) parameters [31]), and can be easily extended to other
types of hybrid robots by changing structure matrix A,, in (3.5) based on the desired
configurations. 2) Three types of control architecture (shown in Figure 4.1) were
developed to reduce vibrations and improve the position accuracy of the HCDR. 3)
The proposed optimization problem (3.32) and Algorithm 1 provide an improvement
over the existing stiffness optimization approaches in [57, 76, 52, 53]. They can be
applied to not only CDPRs but also HCDRs.

2. To solve the problem of decoupled modeling and control of HCDR-2: 1) whole-body
model and decoupled model were developed for the HCDR.. The proposed decoupled
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modeling method can be extended to other HCDRs or CDPRs based on their required
configurations. 2) To achieve vibration control for the whole system in real-time (no
more than 0.01s in experiments), primarily using model-based control techniques, the
dynamics model was simplified for that purpose. The proposed decoupled model for
the whole system can be implemented in real-time (the top CPU usage was reduced
to 32%); meanwhile, it was validated via experiments. 3) Based on the decoupled
dynamic model, model-based control architectures and observers were developed, and
results were satisfactory in experiments (different cases were examined).

3. For the proposed UMM, modeling, tracking, and vibration- and balance-control prob-
lems were studied, and the following contributions are highlighted: 1) Compared to
the modeling and control objectives in [30], this thesis extends the configuration by
introducing a coupled slider on the platform to introduce more DOF's to the sys-
tem. The derivation of equations of motion of the UMM, disturbance analysis, and
model validation were carried out. Additionally, a simple but effective strategy was
developed to solve the equilibrium point and balance problem. 2) Based on the dy-
namic model, two control architectures were developed: MPC with integral action
and MPC+PI with integral action. Compared to other MPC-based control strate-
gies, the proposed controllers are easier to implement in practice. The results of this
thesis also offer improvements (in comparison with previous studies, such as PID [7(],
LPV [53], and SMC [30]) since the use of MPC enhances the control performance
by using the future steps from the reference trajectories to generate control laws.
3) Simulations and experiments were carried out, and the results of tracking and
vibration suppression were satisfactory.

4. Redundancy resolution and disturbance rejection via torque optimization were stud-
ied, and the following contributions are highlighted: 1) Nonlinear whole-body dynam-
ics model of the HCDR and a model reduction approach were developed. Based on
the reduced dynamics model, two new methods were proposed: TOAJ and TOAUJ.
2) The algorithms of TOAJ and TOAUJ were evaluated using case studies, and the
results showed they could solve the redundancy resolution problem. Compared to
TOAJ, TOAUJ can solve the redundancy resolution problem and also reject distur-
bances.

6.2 Future Work

The research developed in this thesis can be extended to the following directions:
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1. Thus far, the 1-DOF linear slider shown in Figure 3.7 is integrated in the HCDR-
3 for experiments (see section 5.3). In the future, experiments using HCDR-1 (by
replacing the slide with a 3-DOF robot arm) can be implemented. In subsection 4.4.6,
the algorithms of the TOAJ and TOAUJ were evaluated using simulations. The
corresponding performance can also be evaluated via experiments in the future.

2. Algorithm 2 which fuses forward kinematics and lower-cable tensions was developed
to estimate in-plane states, and it was shown to be more robust than that of [53] (only
utilized IMU signals). This algorithm and the out-of-plane estimation algorithm (see
Algorithm 3) can be improved in the future by incorporating IMU and vision-based
signals, and using muti-signal fusion techniques to increase the accuracy of estimation
of the system states.

3. To extend the applications (e.g., in different warehousing environments) of HCDRs,
some potential topics can be studied in the future. For instance, the proposed mod-
eling approaches and control strategies for HCDRs can also be extended to other
robotic systems. New grippers (e.g., based on the previous works [91]) can be de-
signed and affixed to the end effector of HCDRs in order to extend the range of
manipulation tasks that HCDR systems can perform.
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Appendix A

Derivations and Analysis

A.1 Derivation of the Equations of Motion of
HCDR-1

For the specific 9-DOF HCDR-1, the COM (of the links) positions are computed as p,e; =
Pa0 + R;nRz(eal)[xacOh Yac01, ZacOl]Ty Pac2 = Pal + R;nRz(eal)Ry(ea2)[xac[)2a Yac02, ZacOQ]Ta and
Pac3 = Paz+1y R (0a1) Ry (0a2) Ry (043) [T ac03; Yacos, Zaco3) Where the joint position vectors are
described as Pao = [pmxapmy7pmz]T + R;nlma Pa1 = Pa0 + R;nRz(eal)[maUla Ya01, ZaOl]T> Pa2 =
Pa1 + R;HRZ(GOLl)Ry(GaQ)[anZ; Ya02, Za02}T; and Pe = Pa3 = Paz t+ R?Rz(eal)Ry(ecQ)Ry(eaS)
(%03 Ya03, Za03]T . Additionally, the COM linear velocities and angle velocities (of the links)
are calculated as Vacl = pach Vac2 = pa027 Uac?)' - pac?n Wael = (Rz(eal))Twm + [07 07 eal]Ta
Wac2 = (Rz(e_al)Ry(gaQ))T(wm+[Oa 07 HQI]T)__{_[Oa 0@27 O]T7 'and Wae3 = (Rz(eal)Ry(HQQ)Ry<0a3))T
(Wi +1[0,0,0,1]7) + (Ry(0a2) Ry (043))7[0, Bag, 0] + [0, 8,3, 0], where the corresponding pa-
rameters are shown in Figure 3.2 and Table 3.2. By substituting these corresponding
equations into (3.16) and (3.17), respectively, the dynamic equation of the 9-DOF HCDR-
1 can be derived (in forms of (3.22) and (3.23)).
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A.2 Derivation of the Equations of Motion of
HCDR-2'

For the HCDR shown in Figure 3.4, the COM (of the pendulums’ links) positions are
computed as
Pret = Dp1o + Ry R (0p1) [T pco1, Ypeot: Zpeor] (A.la)
Dpc2 = Pp2o + R;nRx(epQ)[xpcO% Ypco2 ch02]T (A.1b)
where the joint position vectors are described as pp1, = [Pma, Py pmz]T—i—R;” (%01, Ypo1, Zpo1] "
and ppa, = [P Py Pmz]” + Ry [Tpo2, Ypoz, Zp02]”

The COM linear velocities and angle velocities (of the pendulums’ links) are calculated

as
Upel = Ppel (A.2a)
Upc2 = Dpe2 (A.2Db)
Wpet = (Re(0p1)) i + [0p1,0,0]" (A.2¢)
Wpe2 = (Rw<9p2))TWm + [ép% O, O]T (A‘Qd)

with wy, = [Ry"]"[ém, 0,0]" + [RZE]T[RQQ]T[O,BW 0] + [R3]7[0,0,4m]" and the corre-
sponding parameters are shown in Figure 3.4 and Table 3.4.

Substituting the corresponding results in (A.1)—(A.2), the total kinetic energy Kz and
potential energy Vg are calculated as

1 1

KE = §mm[pmxapmy7pmz][pmxapmy7pmz]T + §W?n[mwm
1 2
+ 5 Z {mpkv;kvpck + wgck]pkwpck}. (A.3)
k=1
and
2
T
VE‘ = MmGPmy + Z {mpkgpgj;ck [07 17 O] }
k=1

1 EA; 9
= Y (L; — Ly; A4
R E . (A4

i€{1,2,5,6,7,8,11,12}

'Parts of this section have been published in [02]. © 2019 Elsevier B.V.: “As the author of this Elsevier article,

you retain the right to include it in a thesis or dissertation, provided it is not published commercially. Permission is not
required, but please ensure that you reference the journal as the original source.”
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where g represents the gravity acceleration. Then, the Lagrangian dynamic equation is
computed as

Lp=Kg— V. (A.5)

Finally, (3.35) can be derived by rearranging (A.5).
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A.3 HCDR-3 Disturbance Analysis

Using the elastic force vector F (in (3.52)), one can get

Kzam Kam 0 Ay | = Bmest | Om (A6>

where K,,.s: € R? represents the estimated out-of-plane stiffness matrix of the actual cable-
driven mobile platform. In practice, this stiffness matrix might be affected by the in-plane
locations of the mobile platform and other unknown disturbances, so it is challenging or
impossible to obtain its exact value. In this case, the following scenario analysis can be
conducted even though the above uncertainties exist:

In (3.52), the disturbances {7,,q € R? : 7,4 C 74} to the mobile platform can be divided
into a new form:

Tmd = Tmdunknown + Kmd<pmx>pmy>[pmza Qs 5m]T (A7)

where 7,4, . € R* and K,pa(Pmae, Pmy) € R? are unknown bounded disturbances and the
out-of-plane disturbance stiffness matrix of the mobile platform that effected by in-plane
locations (Pmz, Pmy), respectively.

Combining (A.6) and (A.7), then

Kmest[pm27 Qm, Bm]T + Tmd :{Kmest :l: Kmd(pmmapmy)}
|:me7 Oém, Bm]T + deunknown (A8>

where Kpq = Kzag5345 with K € R denoting the stiffness matrix of the 6-DOF
cable-driven mobile platform using the four-spring model proposed by Behzadipour and
Khajepour [18]. The corresponding items in (3.52) are equivalent to that of (A.8).

Additionally, Kyest and Kpa(Pma, Pmy) In (A.8) can be evaluated using the following
performance indices:

A2 A2
Jmest = )\T}\’ Rmest = /\QHMXﬁ7 fOl" Kmest <A9a>
r/r\lgx )\2 'rmn
Jma = AT\, Kmd = /\Qma%, for Kpnq (A.9Db)

min

where A € R? represents the eigenvalues of Kinest or Kina(Pmas Dy )-
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A.4 Derivation of the Dynamics of HCDR-4

The corresponding terms in (3.67) and (3.68) are computed as follows: the rotation ma-
trix Ry' = Ry(am) Ry (Bm)Ror(ym) € SO(3) and the angular velocity wy, of the frame
{0y} is caleulated as wy, = [R7)7 [0, 0,007 + [RIZ]T[REEIT(0, B, O] + [Rin] (0,0, Fi] T
with the rotation matrices Rj:2 = Ry (B8,,) € SO(3) and R} = R.i(ym) € SO(3).
Then, the COM (of the pendulums’ links) positions are computed as pyi = pp1, +
R R (0 )[xpcOhypcOthcOl] and Ppc2 _pp20+R R (9 )[xpcOQ;ypc(]QuzpcOQ] where thejOint
pos1t10n vectors are described as py1, = [Pmas Py Pmz)” + Ry [2001, Ypor, zp01]” and ppe, =
[ L Ry [p02, Ypo2, zp02]7. The COM linear velocities and angle velocities (of
the pendulums’ links) are calculated as vpe1 = Ppets Upez = Ppeas Wpet = (Ra(Op1)) wm +
[0,1,0,0]7, wpeo = (Ra(6p2)) Wi + [0p2, 0, 0] with the corresponding parameters are shown
in Figure 3.10 and Table 3.6. Then, the COM (of the links) positions are computed as p,e; =
pa0+R R (‘9 )[xaCOh Yaco1, ZacOl] y Pac2 = pa1+RmRy(‘9a1)Rz(0a2>[xac()Qa Yac02s ZacOZ]Ta Pac3 =
pa2+RmR (0a1) R (0a2) R.(043) [T ac03; Yacos, Zacos]’ Where the joint position vectors are calcu-
lated as Pao = [Pmas Pmys Pm=]" + Ry'[Za0; Ya0s Za0)” s Par = Pao + R Ry (0a1)[Ta01, Yao1, Za01]”
DPa2 = Pa1 + R;nRy(eal>Rz(9a2)[];a027 Ya02, ZaOQ}T7 and Pe = Pa3 = Pa2 T+ R R (9(1 )Rz(etﬁ)
R.(043) %003, Ya03; 2a03]” - Additionally, the COM linear velocities and angle velocities (of
the links) are calculated as vaer = Pact, Vac2 = Pac2; Vac3 = Dac3, Wacl = (Ry(0a1))  wy, +
[0,0a1,0]", wWaca = (Ry(Ba1) R(Ba2))™ (wm + [0, 0a1, 0]") + 10,0, 6az]”, wacs = (Ry(0a1) Rz (ba2)
R.(0a3))T (W + [0,0a1,0]7) + (R.(0a2) R.(0,3))7]0,0,0,2)" + [0,0,0,3]", where the corre-
sponding parameters are also shown in Figure 3.10 and Table 3.6.

In (3.68), the cable stiffness matrix is K, = diag ( 241, Z42 ... Ediz ) ¢ RI12X12 where
L01 L02 L012
EA;

.- represents the ith cable stiffness, FA; is the product of the modulus of elasticity
and cross-sectional area of the ith cable. Lo, and L; denote the ¢th input unstretched
cable length and actual cable length, respectively. Lo = [Loy, Log, - -+ , Loio]T € R'? and
L =Ly, Ly, ,Lp)" € R™2.

To obtain the matrix A,, in (3.69), the terms in A,, are computed as follows: let the ith
cable-length vector L; = [aiz, Giy, iz]" — [Pmas Py, Pmz]” — Ry [Pies Ty, 73] T, {Vi €N 1<

i < 12}, with L; € R3 denotes the position vector from the ith cable anchor point on the
robot static frame to the ¢th cable anchor point on the mobile platform. Then, one can get
the ith cable length L; = ||[@iz, @iy, @iz]" — [Pmas Prmys Pmz)t — Ry iz, Tiy, 7:.]T|| and the ith

unit cable-length vector L; = L— = [Lia, Lly,L .7 € R3. Furthermore, [riz,ry, 7|7 € R3

denotes the position vector of the 4th cable anchor point on the mobile platform with
respect to the frame {O,,}, @iz, @iy, aiz]7 € R? represents the position vector of the ith
cable anchor point on the robot static frame with respect to the frame {O}, and the

144



parameters [riz, riy, Tiz) " s @iz, @iy, aiz])" are provided in Table 3.3.
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