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Abstract 

Cable actuated parallel manipulators, also called cable robots, share many features 

in common with traditional parallel manipulators. However, such systems additionally 

feature considerably large workspace, large payload handling capacity and good 

disturbance rejection potentials over traditional parallel manipulator by virtue of the 

cable-band actuation. However, realizing their benefits poses numerous challenges to 

researchers. One critical issue is the unidirectional nature of forces exerted by cables, 

which only allows them to endure tensile force when performing tasks. Another critical 

issue in such systems is the actuation redundancy. In this thesis, we will examine these 

two aspects in the context of motion and active stiffness control scenarios. 

First, we study the implication of actuation redundancy in the context of 

controller design and workspace (task space) stiffness property of cable robot system. 

Then suitable trajectory tracking control schemes are developed to achieve two different 

secondary goals under positive control input constraint: (a) minimal energy consumption 

among actuations; (b) active stiffness control to improve disturbance-rejection. Finally, 

these control schemes are evaluated within a virtual prototyping (VP) implementation 

framework. 

 

 



   

 iv

Acknowledgements 

First and foremost, I would first like to express my gratitude and sincerest thanks 

to my graduate advisor Dr. Venkat Krovi, without whom this work would not have been 

possible. His guidance and extensive knowledge in terms of academics, teaching, and 

research has propelled me during the past 2 years, constantly encouraging and enabling 

me to perform at my full potential.  I feel fortunate to have such a great mentor and guide 

in my academic life. 

I would also like to express my gratitude to Dr. Tarunraj Singh and Dr. Roger W. 

Mayne for serving as my thesis committee members. 

Most importantly, I would like to express my deepest thanks to my parents; 

without their love and support I would not have been where I am today. I also give 

sincerest thanks to my wonderful girlfriend Huanhuan for her constant support and 

understanding. Over the past 5+ years her encouragement and caring has helped me 

encounter all difficulties in the way to my / our goal. This work is dedicated to them. 

It is really hard to mention the names of all the friends beside me, who led me 

along the path towards the accomplishment of this work. Here I give my special thanks to 

Yijia, Tao, Zhengdan, Chen, Ming, Weiqi and CP for their concern, help, and support. I 

will never forget these friendships with them in my life.  

Lastly I would also like to thank all my lab mates of ARM lab; they are CP, 

Rajan, Leng-Feng, Anand, Pat, Yao, Quishi, Hao, Madu, Srikanth and Shajan. It is my 

pleasure and honor to work with them during the past two years. Among them, especially 

thank CP for his countless help, inspiration, and guide throughout my graduate studies 

and the research work. 



   

 v

Contents 

Abstract .............................................................................................................................. iii 

Acknowledgements............................................................................................................ iv 

List of Figures and Tables.................................................................................................. ix 

1 Introduction................................................................................................................. 1 

1.1 Overview............................................................................................................. 1 

1.2 Advantages.......................................................................................................... 3 

1.3 Challenges........................................................................................................... 6 

1.4 Actuation Redundancy........................................................................................ 7 

1.5 Active Stiffness Control...................................................................................... 9 

1.6 Research Issues and Goals................................................................................ 12 

1.6.1 Research Issues ............................................................................................. 12 

1.6.2 Research Goals.............................................................................................. 13 

1.7 Thesis Organization .......................................................................................... 14 

2 Literature Survey ...................................................................................................... 15 

2.1 Similarity of Cable Robot, Parallel Robot and Robotic Hands ........................ 15 

2.2 Workspace Quantification, Design and Optimization ...................................... 15 

2.2.1 Wrench Closure Workspace ......................................................................... 16 

2.2.2 Statically Reachable Workspace................................................................... 17 

2.2.3 Wrench Feasible Workspace......................................................................... 18 

2.2.4 Dynamic Workspace..................................................................................... 19 

2.3 Singularity......................................................................................................... 19 



   

 vi

2.4 Stability............................................................................................................. 20 

2.5 Control .............................................................................................................. 21 

3 Cable Robot Kinematics and Dynamics ................................................................... 22 

3.1 Preliminaries ..................................................................................................... 22 

3.2 Jacobian Analysis of Cable Robot .................................................................... 25 

3.2.1 Screw Theory Based Jacobian Analysis ....................................................... 25 

3.2.1.1 Screw Theory Based Jacobian of Example Gough-Stewart Platform .. 25 

3.2.1.2 Screw Theory based Jacobian of Cable Robot ..................................... 29 

3.2.2 Conventional Jacobian Analysis of Cable Robot.......................................... 31 

3.3 Cable Robot Statics........................................................................................... 32 

3.4 Cable Robot Dynamics ..................................................................................... 33 

4 Feedback Linearization Controller under Input Constraints..................................... 35 

4.1 Feedback Linearization..................................................................................... 35 

4.2 Tension Actuation Redundancy Resolution Scheme........................................ 37 

4.3 Pseudoinverse Based Approach........................................................................ 37 

4.3.1 Determination of Minimal Parameterization of Null Space ......................... 38 

4.3.2 Tension Optimization Formulation............................................................... 39 

5 Active Stiffness Control............................................................................................ 41 

5.1 Introduction....................................................................................................... 41 

5.2 Active Stiffness Control of Cable Robot System ............................................. 43 

5.2.1 Cartesian Stiffness of Cable Robot System .................................................. 43 

5.2.2 Cartesian Stiffness Matrix Properties ........................................................... 45 



   

 vii

5.2.3 Active Stiffness Control Schemes ................................................................ 46 

5.2.3.1 Minimal Force Distribution with Desired Stiffness.............................. 47 

5.2.3.2 Weighted Stiffness Matrix Approach ................................................... 48 

5.2.3.3 Lower Bound Stiffness Control (LBSC)............................................... 49 

6 Simulation ................................................................................................................. 51 

6.1 Virtual Model Simulation and Analysis Framework........................................ 51 

6.2 MSC.visualNastran 4D Implementation Framework ....................................... 52 

6.2.1 Overall Simulation Routine .......................................................................... 54 

6.3 Our Systems...................................................................................................... 55 

6.3.1 Planar Point Mass Cable Robot .................................................................... 56 

6.3.2 Planar Rigid Body Cable Robot.................................................................... 57 

6.3.3 Spatial Point Mass Cable Robot ................................................................... 57 

6.3.4 Spatial Rigid Body Cable Robot................................................................... 57 

7 Results....................................................................................................................... 59 

7.1 Trajectory Tracking with Minimal Cable Force Distribution........................... 60 

7.1.1 Point Stabilization with Case B .................................................................... 60 

7.1.2 Point Stabilization with Case D .................................................................... 62 

7.1.3 Straight Line Tracking with Case B.............................................................. 63 

7.1.4 Straight Line Tracking with Case D ............................................................. 64 

7.1.5 Circle Tracking with Case A......................................................................... 65 

7.1.6 Circle Tracking with Case C......................................................................... 66 

7.1.7 Circle Tracking with Case D......................................................................... 68 

7.2 Trajectory Tracking Augmented with Active Stiffness Control....................... 69 



   

 viii

7.2.1 Straight Line Tracking Augmented Stiffness Control with Case B.............. 70 

7.2.1.1 Weighted Stiffness Matrix .................................................................... 71 

7.2.1.1.1 Control of Stiffness in X and Y Directions..................................... 71 

7.2.1.1.2 Control of Stiffness in Rotational Direction ................................... 74 

7.2.1.2 Lower Bound Stiffness Control ............................................................ 77 

7.2.2 Circle Tracking with Augmented Stiffness Control with Case A................. 80 

7.2.2.1 Weighted Stiffness Matrix .................................................................... 80 

7.2.2.1.1 Control of Stiffness in X Direction................................................. 81 

7.2.2.1.2 Control of Stiffness in X and Y Directions..................................... 83 

7.2.2.2 Lower Bound Stiffness Control ............................................................ 85 

7.3 Disturbance Rejection -- Straight Line Tracking.............................................. 88 

7.3.1 Straight Line Tracking under Disturbance Case 1........................................ 88 

7.3.1.1 Case 1 without LBSC............................................................................ 88 

7.3.1.2 Case 1 with LBSC min 50 /desK N m= ...................................................... 90 

7.3.2 Straight Line Tracking under Disturbance Case 2........................................ 91 

7.3.2.1 Case 2 without LBSC............................................................................ 91 

7.3.2.2 Case 2 with LBSC min 50 /desK N m= ...................................................... 93 

7.4 Discussion......................................................................................................... 94 

8 Conclusions and Future Work .................................................................................. 96 

8.1 Summary........................................................................................................... 96 

8.2 Future Work...................................................................................................... 96 

Bibliography ..................................................................................................................... 98 



   

 ix

List of Figures and Tables 

Figure 1-1 (a) Cable actuated parallel manipulator vs. (b) Typical Gough-Stewart parallel 

manipulator ................................................................................................................. 1 

Figure 1-2 Examples of Cable Robot System..................................................................... 5 

Figure 1-3 Simple depiction of human upper limb [19] modeled as an articulated linkage 

system ......................................................................................................................... 8 

Figure 1-4 Remote Center Compliance device from ATI Industrial Automation, Inc. .... 10 

Figure 3-1: Serial robot/manipulator (a) KUKA KR 360 series industrial robot vs Parallel 

robot/manipulator (b) Moog 6 DOF Electric Motion Platform ................................ 23 

Figure 3-2 Schematic of a SPS Gough-Stewart platform ................................................. 26 

Figure 3-3 Schematic of a 6-DOF Cable Robot................................................................ 29 

Figure 5-1 Schematic of stiffness control ......................................................................... 41 

Figure 5-2 Block diagram of Lower Bound Stiffness Control [75] for cable robot ......... 50 

Figure 6-1 An overhead crane model within MSC.visualNastran4D............................... 52 

Figure 6-2 MATLAB/Simulink, MSC. visualNastran integrated analysis framework .... 53 

Figure 6-3 Block diagram of overall simulation routine .................................................. 54 

Figure 6-4 Virtual prototypes of cable robot systems....................................................... 56 

Figure 7-1 Point stabilization with Case B ....................................................................... 61 

Figure 7-2 Point stabilization with Case D....................................................................... 63 

Figure 7-3 Straight line tracking with Case B .................................................................. 64 

Figure 7-4 Straight line tracking with Case D .................................................................. 65 

Figure 7-5 Circle tracking with Case A ............................................................................ 66 

Figure 7-6 Circle tracking with Case C ............................................................................ 67 



   

 x

Figure 7-7 Circle tracking with Case D ............................................................................ 69 

Figure 7-8 Straight line trajectory with Case B ................................................................ 71 

Figure 7-9 Controlling the stiffness in X and Y directions with Case B, 50 /dK N m= . 72 

Figure 7-10 Controlling the stiffness in X and Y directions with Case B, 100 /dK N m= 73 

Figure 7-11 Controlling the stiffness in rotational directions with Case 

B, 50 /dK Nm rad= ................................................................................................... 75 

Figure 7-12 Controlling the stiffness in rotational directions with Case 

B, 100 /dK Nm rad= ................................................................................................. 76 

Figure 7-13 Lower bound stiffness control with Case B, min 50 /desK N m= ...................... 78 

Figure 7-14 Lower bound stiffness control with Case B, min 100 /desK N m= ..................... 79 

Figure 7-15 Circle trajectory tracking with Case A.......................................................... 80 

Figure 7-16 Controlling the stiffness in X directions with Case A, 100 /dK N m= ......... 82 

Figure 7-17 Controlling the stiffness in X directions with Case A, 500 /dK N m= ......... 83 

Figure 7-18 Controlling the stiffness in X and Y directions with Case A, 

[  ]  [100  50] /dx dyK K N m= ..................................................................................... 84 

Figure 7-19 Lower bound stiffness control with Case A, min 50 /desK N m= ...................... 86 

Figure 7-20 Lower bound stiffness control with Case A, min 100 /desK N m= ..................... 87 

Figure 7-21 Straight Line Tracking under disturbance 1 without LBSC with Case B..... 89 

Figure 7-22 Straight Line Tracking under disturbance 1 with LBSC with Case B .......... 91 

Figure 7-23 Straight Line Tracking under disturbance 2 without LBSC with Case B..... 92 

Figure 7-24 Straight Line Tracking under disturbance 2 with LBSC with Case B .......... 94 

 



   

 xi

Table 7-1 Select simulation scenarios for different cases................................................. 60 

 



   

 1

 

1 Introduction 

1.1 Overview 

Cable driven parallel manipulators, also called cable-driven robots or cable 

robots, poses the basic structure as a typical Gough-Stewart parallel manipulator (as 

shown in Figure 1-1 (b) ) [1] but with cable-driven mechanism (as shown in Figure 1-1 

(a) ). Typical cable robots are formed simply by multiple cables connected to an end-

effector/platform instead of articulated legs. And the motion of the end-effector is 

manipulated by different motors, which can either be fixed at remote positions or 

mounted on mobile bases, to extend or retract corresponding cables under positive cable 

tensions. 

            

(a) (b) 

Figure 1-1 (a) Cable actuated parallel manipulator vs. (b) The Gough-Stewart parallel manipulator 
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A structural classification of cable robot system may be performed based on a) 

work environment, b) geometry of end-effector and c) degree-of-constraint. 

a. Work environment: Planar  vs Spatial 

Planar space is 2 dimensional space (2 degree pf freedom) while spatial space is 3 

dimensional space (3 degree of freedom). 

b. Geometry of End-effector: Point-mass vs. Rigid body 

In point-mass cable robot, all cables are attached to the EE which can be 

considered a single point mass neglecting its geometric attributes, so all the cables 

intersect at this point, while in rigid body cable robot, all cables are attached to the EE 

which is common object with geometric attributes. 

c. Degree-of-constraint: Fully/Overconstrained vs. Underconstrained 

Fully/over constrained or underconstrianed definition is based on the Degree of 

Freedom (DOF) of the end-effector and number of cables that drive the end-effector; it 

has been proven that a cable robot require (n + 1) cables to fully constrain the end-

effector, where n is the number DOF of the end-effector [2]. Here, DOF represent the 

number of independent parameters or inputs needed to specify the configuration of the 

mechanism completely [9].  

In the fully constrained cable robot system, the posture (position/orientation) of 

the end-effector can be completely determined by the given lengths of the cables and 

achieve force closure [3], which means these cable robots can counteract arbitrary 

external force/moment through proper cable tensions with all feasible postures. On the 

other hand, the pose of the end-effector in underconstrained cable robot system can not 

be completely determined by the lengths of the cables, as fewer cables are used. Instead, 
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this type of system needs to take advantage of the gravity of the end-effector, which 

works as a virtual cable always pulling down with constant tension, to determine the 

resulting postures of the end-effector. In practical application, fully constrained cable 

robot design is not preferable though some of its properties as mentioned above are 

attractive, as it imposes more complex design and analysis; moreover, it also results in 

higher possibility of interference between cables and end-effectors or its environments, 

which will greatly degrade its workspace. 

In general, we can always determine the number of cable needed to form a fully 

constrained cable robot based on the second and third factors above combined together to 

classify different Cable Robot systems. For example, for a spatial cable robot with finite 

size EE, we can say it needs 7 cables to be fully constrained, since its EE has 6 DOF.  

1.2 Advantages 

Due to its unique configuration, cable robot bears several attractive features, 

which can be summarized as follows:  

1) It has a comparatively large workspace with desirable stiffness; in other 

words, cable robot provides us better balance between workspace and stiffness 

requirement than typical serial or parallel manipulators. 

2) It has high payload-to-weight ratios and low inertial properties due to 

its light moving parts (cables) and fixed heavy parts (motors and controllers), so 

energy consumption is greatly reduced while cable robot is in operation. 

3) It is easy to assemble/disassemble and reconfigurate due to its flexible 

structure, so we can build cable robots to meet different requirements/tasks with 

same components and much shorter time.  
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4) It is cost-saving because of its relatively simple and cheap components 

and ease of transportation. 

5) It is reliable due to its simple mechanism and comparable remote 

location of motors and controllers from the end-effectors. This feature is very 

useful when robots are needed to operate in extreme environment, like 

manipulating collusive and explosive objects. 

 

With above desirable characteristics, cable robots are very useful in many real 

world applications, such as heavy payload handling, manufacturing operations, haptics, 

remote/hazardous areas operation, and high-speed manipulation/positioning. Some 

example systems have been developed during last decade. Figure 1-2 (a) [4] shows the 

RoboCrane, a typical six degrees of freedom parallel manipulator controlled by six 

cables, developed by NIST. Figure 1-2 (b) [5] shows Cable robot performing de-painting 

work. Figure 1-2 (c) shows the Cablecam [6] developed for the use as high speed video 

capture tracker in large field, etc. Figure 1-2 (d) [7] shows "Tetrahedral Robotic 

Apparatus" (TETRA) which integrate multi-cable suspended platform technology used 

with helicopters in payload transportations. Figure 1-2 (e) shows the WireMan, a portable 

haptic device driven by cables [8]. Figure 1-2 (f) shows Falcon-7, a high-speed cable 

robot with 6-DOF cable-driven robot that uses seven cables which can achieve 

acceleration up to 43g [9]. Figure 1-2 (g) [10] shows an automated cargo/container 

transfer robot used in ports developed based on the cable Array Robot [11] developed at 

Pennsylvania State University. Figure 1-2 (h) shows search and rescue cable robots [12] 

proposed for tasks such as de-mining, rescuing work, etc. Figure 1-2 (i) shows the 
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Charlotte Robot [13], which is developed to perform tasks such as space operation, 

transportation in space capsule, training of astronauts, etc. 

   
(a) (b) (c) 

 

 

 

 

 

(d) (e) (f) 

 

 
 

 

 
(g) (h) (i) 

Figure 1-2 Examples of Cable Robot System  
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1.3 Challenges 

In spite of many attractive properties and promising potentials, there are many 

challenges and obstacles regarding to design and development of cable robot. In 

literature, many of these issues have been addressed by researchers, and details are 

presented in Chapter 2. Main challenges for cable robot application can be summarize as 

following: 

Design 

- Cable Interference Avoidance. Variations in the geometrical 

configuration of system and tasks may impose the potential of cables 

interfering with each other, which may greatly limit the potentially 

usable workspace and add obstacles in controller design. 

- Cable Properties. Variations in physical properties of different cable 

may cause different level of stretching, sagging and vibration, etc., 

which may greatly degrade the accuracy of the end-effector during 

operation. 

- Geometrical configuration. During the process of design, factors such 

as number of cables, shape of platform, location of connectors, etc., 

may greatly limit important performance features such as singularity, 

stability, and wrench generation capability of the system. 

- Workspace quantification and optimization. Workspace analysis can 

give analytical insights of a design to designers in the implementation 

stage. However, factors like the uni-directional constraint and potential 



   

 7

of interference imposed by cables make this kind of analysis more 

difficult than that of traditional robotic manipulators. 

Control 

- Controller Design. In order to achieve desired functionalities as 

traditional robotics systems, new controllers are necessary to 

incorporate possible limitations imposed by cables, such as uni-

directional constraint (maintain cables in tension), cable interferences, 

vibrations, etc.  

- Hardware realization. In many applications, real time operation of the 

control system is desired. However, the requirements of advanced 

sensors and efficient algorithms may cause the realization hard to 

deploy. 

- Calibration. The pulley-spool mechanism and initial configuration of 

cable robot system can result in long and inaccurate calibration.  

1.4 Actuation Redundancy 

Redundancy can always adds more advantages and capabilities to a robotic 

system though make the system more complicated. Generally, there are two types of 

redundancy in robotic system - kinematic redundancy and actuation redundancy.  

Kinematic redundancy arises when the degrees of freedom of a manipulator is 

greater than the dimensions of the task space/environment. The extra degrees of freedom 

enable the realization of dexterity, obstacle avoidance, optimal motion planning etc. 

On the other hand, actuation redundancy arises if the number of the actuators that 

control the manipulator is larger than that of the degrees of freedom of the manipulator 
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[14]. This kind of redundancy can eliminates singularities within workspace [15], reduce 

the chance of system failure, realize optimal actuation distribution and power 

consumption among the actuators [16]. It can also enable active stiffness control in terms 

of modulating internal actuation distribution. [17], [14]. 

Generally speaking, parallel manipulators are designed with actuation redundancy 

[18], while kinematic redundancy is a characteristic for serial manipulators. Based on the 

nature of cable robot system we are studying, we will focus on actuation redundancy in 

this work. 

When parallel manipulator is redundantly actuated, there is internal forces balance 

within the close loop chains therefore these forces do not contribute to the effective work 

that generates motion of end-effector. Moreover, these forces are indeterminate by nature 

of actuation redundancy. This fact is usually utilized as optimization formulation through 

psudo-inverse approach with different goals as mentioned above. This issue will be 

addressed in detail in later chapters. 

 

Figure 1-3 Simple depiction of human upper limb [19] modeled as an articulated linkage system 

In nature world, we can find similar and convincible examples of actuation 

redundancy system, which could be considered as optimal and most efficient system 
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configuration after years of evolution. Musculoskeletal system of human body, for 

example, upper limb (as shown in Figure 1-3), which has three joints with a total degree 

of 7 to position and orientation, uses 29 muscle groups for control [20] is characterized 

by both kinematic and actuation redundancy. Thus, the human body admits gross and 

dexterity motion and such system can be controlled by regulating muscle activation and 

neural feedback gain. Researchers have shown that when under external mechanical 

disturbances, purposeful motion can be executed in human and in animal natural limb in 

the absence of any feedback [21]. This motion is made possible under a given level of 

closed internal forces balance from antagonistic actuations by redundant muscles with in 

the musculoskeletal system, thus, defines an equilibrium condition of the joints. Under 

this condition, deviation (the limb) from this equilibrium state will result in the 

generation of a restoring force/torque which is only related to the mechanical properties 

of muscles. Such mechanical property is called stiffness, which is introduced to describe 

the relationship between position deviation and force/torque exerted, more specifically, 

the ratio of the generated force to corresponding displacement. In other words, stiffness is 

a reason for generation of restoring forces or interaction forces with environment in the 

presence of disturbance. 

1.5 Active Stiffness Control 

In wide variety of robotic applications such as assembly and machining, a robot is 

required to perform tasks what needs to contact with environment while in prescribed 

robot motion. However, the interaction contact force/moment or uncertain disturbance 

between end-effector and environment tend to cause the end-effector be deflected away 

from its prescribed motion (position). For example, in part mating process performed by 



   

 10

a manipuator, inevitable mechanical contacts with constrained objects usually happen. 

Under this situation, position controller such as trajectory control may fail to perform 

desired task. The reaction forces provided may cause the end-effector deviates from 

desired trajectory so that parts are not mated tightly as expected. On way to solve this 

problem is to use structure composes of passive compliance, like Remote Center 

Compliance (RCC) device as shown in Figure 1-4.  

 

Figure 1-4 Remote Center Compliance device from ATI Industrial Automation, Inc. 

However, since highly capable mechanism designs are costly and hard to obtain, 

such devices have very limited applicability and adaptability to different tasks. So to 

achieve comprehensive adaptability, software control method is necessary. A number of 

force control methods have been proposed to handle this issue -- a review of these 

approaches can be found in [22]. Stiffness control is one of the variation based on force 

control philosophy, this control scheme enable us to indirectly control interaction force 

between the manipulator and the environment through regulating the end-effector 

stiffness which denotes the relationship between the end-effector force and position as 

follows: 
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dF K Xδ= , in which Xδ  is a displacement from desired end-effector position, 

dK  is desired end-effector stiffness and F  is desired responding end-effector resorting 

force. Just like in the prior example, through stiffness control, we can specify the stiffness 

in the desired direction of insertion to be high enough to minimize the impact of contact 

reaction force on this task. 

The concept of stiffness in cable robots is the same as typical parallel robots. 

Stiffness property is directly related to the structure’s rigidity and end-effector’s 

accuracy. Albus et al. performed the first study of stiffness for cable robots in [23] and 

later they implemented the result during the design and development of the NIST 

RoboCrane. Verhoeven et al. [24] also presented a paper on the stiffness of cable 

actuated robots.  

Control strategies, most generally known as stiffness control by redundant 

actuation [17], are developed to actively achieve desired end-effector stiffness. The 

significance of this control strategy is that the generation of active stiffness enables robot 

to dynamically counteract uncertain and unmodeled disturbance outside typical feedback 

control loop and thus strengthens the overall integrity and decrease computational load. 

The strategies are part of impedance control schemes where one can directly control the 

stiffness, instead of controlling forces and positions separately. Stiffness control schemes 

realized by employing redundant actuation are generally divided into: passive stiffness 

control, feedback stiffness control, and stiffness control realized by means of antagonistic 

actuation. Interested readers can refer to [25]. 
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1.6 Research Issues and Goals 

1.6.1 Research Issues 

In this section, we highlight the research issue that we will address in this work in 

the form of two research questions and corresponding answers.  

 

Research Question 1: How to incorporate uni-directional constraint into the 

control strategies to achieve good trajectory tracking performance in cable robot 

system? 

 

As mentioned above, due to the nature of cables, cable robots system can function 

only when the cables are in tension. This imposes unidirectional constraint. Therefore, 

control schemes developed for typical parallel robots are no longer compatible with them, 

which is a major issue in the control of cable robot. To address this issue, we will 

introduce the actuation redundancy property of typical cable robot, which means the 

number of the actuators is larger than that of the degrees of freedom. With the fact that 

actuation redundancy allows us to re-distribute actuation forces among cables without 

generating any effective contributions in the workspace, actuation redundancy resolution 

schemes will be developed to effectively handle the unidirectional constraint problem in 

the realization of control strategy in dynamics level of cable robot system.  

 

Research Question 2: How to achieve effective disturbance rejection through 

active stiffness control in cable robot system?  
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In the literature, the underlying relationship between stiffness of a system and its 

ability to achieve disturbance rejection has been pointed out. The specification of an 

appropriate stiffness can considerably simplify tasks in real world application. For 

example, in mating process in industrial assembly and machining, a robot is required to 

perform tasks what needs to contact with environment while in prescribed robot motion. 

However, the interaction contact force/moment between end-effector and environment 

tend to cause the end-effector be deflected away from its prescribed motion (position), 

moreover the reaction forces provided may cause trajectory controller fail to work 

effectively. Under such scenario, task can be effectively solved and simplified if it is 

possible to specify motion of the end effector in response to arbitrary disturbance forces 

through stiffness adjustment. Specifically, we can specify the stiffness in the desired 

direction of insertion to be high enough to minimize the impact of contact reaction force 

on this task. In this work, the significance of actuation redundancy on the active control 

over the stiffness of cable robot system is shown based on complete stiffness analysis. 

Therefore, by taking advantage of such redundancy within cable robot system, effective 

stiffness control schemes can be developed to reject external disturbances.  

1.6.2 Research Goals 

The first goal is that of modeling the nonlinear, complicated system dynamics of a 

cable robot so as to permit implementation of nonlinear control scheme which is capable 

to perform trajectory tracking task under consideration.  

The second goal is of achieving disturbance compensation by transforming into a 

problem of stiffness design and subsequently stiffness control using available actuation 

redundancy. The goal then is to achieve a force distribution within the cables that can 
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achieve desired environmental interaction stiffness while being optimal in terms of 

energy consumption to achieve the desired tasks. 

1.7 Thesis Organization 

The remainder of the thesis is organized as follows 

In Chapter 2, a comprehensive literature survey of the studies about major issues 

in cable robot research is presented. 

In Chapter 3, screw theory based Jacobian analysis is performed in the context of 

cable robot system, kinematics and dynamics model of cable robot system are developed. 

In Chapter 4, a trajectory tracking controller based on feedback linearization 

technique in dynamics level of cable robot is develop. Moreover, actuation redundancy 

resolution scheme is proposed to achieve optimal force distribution/minimal energy 

consumption by cables. 

In Chapter 5, relationship between joint space stiffness, configuration, cable 

actuation and work space stiffness is studied and formulated based CCT stiffness 

approach. Then two active stiffness control schemes based on redundancy resolution is 

proposed: 1) weighted stiffness matrix; 2) lower bound stiffness control (LBSC).  

In Chapter 6, our simulation environment - MATLAB/Simulink and MSC. 

visualNastran integrated simulation analysis frame work along with the our virtual 

prototype systems is presented. 

In Chapter 7, the results of different simulation scenarios used to evaluate the 

performance of the control schemes developed in Chapter 4 and Chapter 5 are provided 

and discussed. 

In Chapter 8, conclusions and future work are presented.
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2 Literature Survey 

In this chapter, we present a literature survey of studies regarding to main 

challenges of cable robot system, which are in two main categories: design and control. 

Interested reader can also refer to an early stage general study presented by Ming and 

Higuchi regarding to the properties, design, control and purpose of cable robots ([26] and 

[27]). 

2.1 Similarity of Cable Robot, Parallel Robot and Robotic Hands 

Although cable robots share similar configuration/structure as typical parallel 

robot manipulators, the uni-directional constrained imposed by cables make it impossible 

to apply many well-studied results from parallel manipulators to cable robots. Some 

researchers have realized the close relationship between cable robots and multi-fingered 

robot hands ([3] and [9]), mainly based on the similar constrain between cable robots and 

robot hands, as while cables can only pull it end-effector, fingers of robot hand can only 

push to manipulate an object. Voglewede and Ebert-Uphoff proposed antipodal cable 

theorem which deals with force closure issue in cable robots, based on antipodal grasp 

theorem from multi-fingered robot hands research in [28]. And more studies origin from 

research results in robot hands to cable robot are coming out. 

2.2 Workspace Quantification, Design and Optimization 

In robotic system study, workspace is always one of the most important issues, 

and the same to cable robot research. In general, a workspace is defined as the set of all 
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postures that the end-effector of the robot can reach and operate in. In literature, several 

different types of workspace have been addressed based on different definitions. Some 

researchers pointed out the reachable workspace definition from typical parallel robots is 

the same for cable robots, which refer to the geometry space that the end-effector 

reference point can reach depending on the geometric configuration (length of cables and 

mounting position of motors, cable connection locations, etc) of the cable robot. 

However, some researcher pointed out that not all postures in reachable workspace are 

necessarily useful due to the unique property of cables, and then several new definition 

criteria for functional workspace classification are proposed and studied, including: (a) 

wrench closure, (b) reachability, (c) controllability, and (d) dynamic workspace. 

2.2.1 Wrench Closure Workspace 

One of most general work definition is refer to the workspace in which any 

wrench can be generated at the end-effector (platform) by cables in tension. It is usually 

termed as wrench closure workspace. From a general design point of view, parallel cable-

driven mechanism is said to be manipulable while operating in such workspace. Gosselin 

terms such workspace as Wrench-Closure Workspace (WCW) [29], and Williams, II 

names it statics workspace [30], [31]. Researchers also pointed out the necessary 

condition for the existence of such workspace is the cable robot system must be fully 

constrained or overconstrained, which means the number of cables must be greater than 

the number of DOFs of the platform as mentioned in previous section. Hence, from a 

general design point of view, the WCW is of great interest. However, what should be 

pointed out is, this kind of workspace is too ideal in some extent, since the system is 

required to be able to generate arbitrary unbounded wrench set in such workspace. 



   

 17

2.2.2 Statically Reachable Workspace 

A number of researchers addressed the set of postures that the end-effector can 

attain statically (only taking gravity into account) [32], [33], [34], [35], etc. Since not all 

postures in reachable workspace are statically attainable, it is a subset of reachable 

workspace for cable robots. Various names are used to term this workspace, Agrawal et 

al. termed it as Statically Reachable Workspace [33], while Ebert-Uphoff et al. called it 

Static Equilibrium Workspace in [3]. And a similar concept termed the cable force region 

is also explored by Koshikawa et al. in [36]. 

In most studies of this kind of workspace, numerical approaches are used to find 

out the corresponding workspace for specific system, such as "brute force" method 

mentioned in [37], where the entire task space is discretized and exhaustively searched to 

find the matching workspace. Verhoeven extended a little further, he incorporated tension 

constrain into similar numerical approach in his thesis [38]. But in those studies, the 

closed form expressions for the boundary of the workspaces are not available. Few 

researcher proposed analytical approaches to this issue, Agrawal et al. analytically derive 

the boundaries of the workspace for an underconstrained and fully-constrained planar 

cable robot in [34], In addition, Albus et al. analytically formulate such workspace for the 

RoboCrane [37]. However, they did not generalize their specific case to other cable robot 

systems. Later, Oh and Agrawal proposed a novel analytical approach to derive the 

reachable workspace applicable to all class of cable robot with cable tension limits and 

disturbance by choosing a proper set-point controller correspondingly [39]. 
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2.2.3 Wrench Feasible Workspace 

Moreover, some researchers addressed a set of postures when cable robots are 

needed to exert particularly required force/moment combinations to interact with 

environment besides maintain its own static equilibrium. Ebert-Uphoff et al. termed this 

force/moment combination as wrench and name this type of workspace as Wrench-

Feasible Workspace in [3]. Verhoeven et al. addressed almost the same concept named 

Controllable Workspace (defined as the set of postures where a force and torque 

equilibrium can be obtained with positive tensions) in [24] and [40] for tendon-based 

Stewart Platform. Additionally, he also proposed “workspace with tension conditions” 

defined as the Controllable Workspace with the constraint that all cable tensions must 

remain within range of cable tension value (usually between its minimum and maximum 

tension value), and “workspace with stiffness conditions” defined as the Controllable 

Workspace with the constraint that the stiffness of the end-effector must be above a 

threshold value in [24]. Gosselin et al. introduced Force-Closure Workspace [41], which 

only considered effect of forces.  

For many applications, this kind of workspace constitutes the most “usable” 

workspace of cable robot, since they are built to interact with the physical real world 

somehow. In literature, the study of this kind of workspace has also generally been 

formed numerically using an exhaustive search approach [42], [24], [40]. However, few 

analytical approaches exist. Gosselin et al. determined the boundaries of the such 

workspace for planar 4-cable fully-constrained cable robots analytically in [41], but 

assumed them with infinite upper tension limits. Ebert-Uphoff et al. proposed a analytical 

method to formulate such workspace that is applicable to all class of cable robot with 
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cable tension limits in [43], [44], [45], but this method become very inefficient when the 

system becomes complicated. Stump and Kumar also proposed approach to find the 

closed-form expression for the boundaries of such workspace, which is applicable on 

both constrained and unconstrained planar or parallel cable robot. However, when 

constrains that the cable tension limits, the effectiveness is greatly degenerated, and cable 

interferences problem is not considered [46], [47]. In terms of studying the effect of cable 

interferences to such workspace, some researchers did some work, but either 

experimentally [42] or numerically [31].  

2.2.4 Dynamic Workspace 

Another workspace that has been addressed is the dynamic workspace along with 

a set of wrench called pseudo-pyramid, defined by Gosselin et al. as the set of all 

postures of the end-effector of the cable robot with specific acceleration requirement, and 

boundaries of this type of workspace are analytically formed for planar cable robots in 

[48].  

2.3 Singularity  

A singularity configuration of a traditional parallel manipulator refers to a 

particular manipulator configuration in which the manipulator loses or gains one more 

degrees of freedom, instantaneously [49], which will greatly degrade performance such 

as kinematics and force transmission of the system. Obviously, it is undesirable and 

should be excluded from the workspace. Hence, singularity analysis is an important issue 

in the design and application of any types of parallel manipulators. For typical cable 

robot system, there exist only Type II singularity [24] in the strict sense, which means 
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there are variation of Cartesian variables Xδ  that do not affect joint variables q . In other 

words, (the end-effector of) the system gains additional, unwanted, uncontrollable DOF. 

Since it is always true that m n> , where m  is the number of joint variable, and n  is the 

number of degree of freedom of end-effector. From the analytical condition for 

singularities, singularities will result only when ( )rank J n< , where J  refers to the 

Jacobian of the system. Based on analysis of rank of Jacobian condition, Ma and Angeles 

[50] pointed out a very meaningful notion called “architecture singularity” in the design 

point of view, a singular architecture refers to highly symmetric design of the 

manipulator, (i.e. when the base and end-effector are both squares or similar polygons), 

in such design, singularity will appear in the most or whole of its workspace, which is 

consider to be the worst case. Therefore, in the process of achieving optimal singularity-

free design, we should refer it as a guideline.  

2.4 Stability 

Stability issue has been pointed out for underconstrained cable robots. While the 

posture of fully constrained cable robot can be fully determined only by its own 

configuration, underconstrained cable robot needs to rely on gravity to determine the 

posture of the end-effector, so external disturbance may cause the change of the posture, 

which can be considered as unstable. In literature, study about the condition for stability 

of a spatial 3-cable crane was proposed based on the curvature of the path of the center of 

mass in [51]. Bosscher and Ebert-Uphoff developed a Disturbance Robustness Measure 

([52], [37], and [53]) to explore the ability of underconstrained cable robots to resist 

external disturbance with the goal to provide guideline in the design of cable robot with 

maximal disturbance robustness. 
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2.5 Control 

Since cable robots impose unidirectional constrain as mentioned above, control 

schemes developed for typical parallel robots are no longer compatible with them, which 

is a major issue in the control of cable robot. Agrawal et al. proposed some effective 

approaches to deal with this in [33], [54], [55] and [56]. Some control schemes such as 

feedback linearization control and sliding mode control have been applied to cable robots 

[33], [54], [57], [11], [26] and [58], the anti-sway control proposed in [58] and [59] by 

Yamamoto et al. is to maintain accuracy of the end-effector by reducing the sway or 

vibration introduced by the flexibility of the cable. 
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3 Cable Robot Kinematics and Dynamics 

In robotics, kinematics of a robot describes the relationship between motion of the 

joints driving the robot and resulting motion of the end-effector of the robot without the 

inclusion of masses and force information. In this level, geometrical property such as 

position and its corresponding time derivatives such as velocity, acceleration are our 

concern. On the other hand, dynamics of a robot describes the relationship between 

actuation forces or torques from joints and the motion of the end-effector of the robot. 

The dynamics of a robot manipulator is much more complex than kinematics. However, 

it is necessary for the realization of real-world robot application, as most information in 

dymanics level of a robot such as forces and torques output from joints actuators, external 

forces, inertial properties are important in the system modeling to achieve high physical 

fidelity.  

3.1 Preliminaries 

In the study of robotics, a robotic system can be classified into two main 

categories according to their kinematic structure or structural topologies [60]. One is 

serial robot/manipulator as shown in Figure 3-1(a) formed by open-loop kinematic chain, 

the other is parallel robot/manipulator as shown in Figure 3-1(b) formed by closed-loop 

kinematic chains. 
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(a)  (b)  

Figure 3-1: Serial robot/manipulator (a) KUKA KR 360 series industrial robot vs Parallel 

robot/manipulator (b) Moog 6 DOF Electric Motion Platform 

A brief review of the kinematics and statics of serial and parallel manipulators is 

as follows. Here, let [ ] y  z      TX x ψ θ φ=  denotes the position and orientation of the 

end-effector. Let           
T

x y z x y zW f f f m m m⎡ ⎤= ⎣ ⎦  denotes the wrench (forces and torques) 

of the end-effector. For a serial manipulator with n  degree of freedom among joints, the 

forward position kinematics can be written in the form ( )X f θ= , in which ( 1)nθ ×  denotes 

joint variable. The forward velocities kinematics can be derived as follows 

 sX J θ= &&  (1) 

where (6 )s nJ ×  denotes the serial manipulator Jacobian matrix. The Jacobian matrix, in 

robotics, is used to describes the relationship between joint and end-effector velocities. At 

the statics level, by the principle of virtual work the Jacobian also relates joint torques to 

end- effector wrench as follow: 

 T
sJ Wτ =  (2) 

in which τ  denotes joint torques exerted by actuators. 
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Based on screw system theory, as the result of the well known duality of motion 

screw axes and wrenches [61] between serial and parallel manipulators, for a parallel 

manipulator with n  degree of freedom, the inverse position kinematics can be written in 

the form ( )f Xθ = , then the inverse velocities kinematics can be derived as follows 

 pJ Xθ =& &  (3) 

where ( 6)p nJ ×  denotes the parallel manipulator Jacobian matrix relates joint velocities to 

end-effector velocities. At statics level, by the principle of virtual work the Jacobian also 

relates joint torques to end- effector wrench as follow: 

 T
pW J τ=  (4) 

where τ  denotes joint torques exerted by actuators. 

From above, we can see for a serial manipulator, close-form solution always 

exists in the forward kinematics, while it may not exist in the inverse kinematics. 

Conversely, due to the duality for a parallel manipulator, closed-form solution always 

exists in the inverse kinematics, it may not exist in the forward kinematics. In this work, 

we will concentrate on analysis of parallel manipulator of our interest. Because of their 

closed loops structure formed by different links, analysis of parallel chain manipulators is 

much more difficult than the analysis of serial ones. In the literature, there are many ways 

of deriving the Jacobian [60]. In the following section, we will focus on screw theory 

based Jacobian analysis of parallel manipulator and extend it to cable robot of our 

interest. 
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3.2 Jacobian Analysis of Cable Robot 

3.2.1 Screw Theory Based Jacobian Analysis 

The kinematics of a mechanical system can be expressed in terms of screw 

coordinates. Interested readers can refer to several of the excellent materials ([62], [60], 

[63]) for details. Unlike conventional but straightforward method which usually involves 

derivatives during derivation in modeling, one of the major advantages of screw-theoretic 

method is it provide us a low-resolution computational model based on the geometric 

insight of the system.  

3.2.1.1 Screw Theory Based Jacobian of Example Gough-Stewart Platform 

The configuration of Cable robot and Gough-Stewart Platform is very similar by 

nature. A typical spatial cable robot can be considered as being evolved from letting a 

Gough-Stewart Platform with SPS (underling here means actuation) limbs upside down 

and substituting the rigid prismatic joints with cables. And the connections where tendons 

are attached to base and end-effector can be considered as ideal spherical joints of infinite 

stiffness. In this section, we use screw theory based Jacobian analysis for a SPS Gough-

Stewart Platform to derive cable robot kinematics. Then by taking advantage of the 

similarity of configuration, we can analyze the kinematics of cable robot based on the 

techniques used in analysis of Gough-Stewart Platform. In what follows we will 

summarize this work briefly to highlight the critical features. 
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(a) a SPS Gough- Stewart platform (b) Kinematic structure of an SPS limb 

Figure 3-2 Schematic of a SPS Gough-Stewart platform 

Figure 3-2 (a) shows a spatial 6-dof parallel manipulator (Gough-Stewart 

platform) with n  identical SPS limbs, for a typical Gough-Stewart Platform   6n = . The 

upper plate, which is considered as the moving end-effector is connected by six identical 

limbs to the lower fixed base by spherical joints jB  and jA ,  1,  2,   j n= L . Several 

close loop kinematic chains are formed by the six limbs. Without loss of generality, each 

of the planes is assumed to have n  connection-points distributed at the vertices of an 

arbitrary polygon. 

Let’s define an instantaneous reference frame: ( , , )p p p px y zF  attached to the 

moving platform with the origin located at point eo  and the axes , ,p p px y z  parallel to the 

axes of frame { }0F . Then we express all the joint screws with respect to this 

instantaneous reference frame { }pF . Then, the Jacobian matrix of the Gough-Stewart 

Platform can be derived by applying the concept of reciprocal screws (for detail about 

concept of screw coordinates and reciprocal screw, refer to [60]), Figure 3-2 (b) shows 

the equivalent kinematic chain of an SPS limb, we can consider this limb as the lower 
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spherical joint be replaced by two intersecting unit screws, 1$$  and 2$$ , the middle 

prismatic joint as unit screws, 3$$ , the upper spherical joint as three intersecting unit 

screws, 4$$ , 5$$ and 6$$ . Among these six joints with each limb, only the third joint 

(prismatic joint) is actuated; the remaining five joints are passive. Let $ ,i ju  be unit vector 

along the ith joint axis of the jth limb in frame { }pF , 1, 2, , j n= L . Then the six unit 

joint screws can be written as 
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where jl
uv

 is the vector corresponding to jth limb in frame { }pF . jv
uuv

 is the position of the 

jth connection point relative to the robot’s coordinate frame { }pF . 

Now, we can get end-effector twist with respect to this instantaneous reference 

frame { }pF  as: 
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Since the axes of all the unactuated joints in each limb intersect the line passing through 

points jA  and jB , which define the vector jd
uuv

, we can define a unique screw that is 

reciprocal to all the unactuated joint as : 
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3,

3,
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r j
jj
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v u

⎡ ⎤
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$ uuv  (7) 

Here, 3,$r j
$  can be considered as the zero-pitch unit screw coincident with each limb. 

Then, by taking orthogonal product of both sides of Eq. (6) by 3,$r j
$ , we can get 

 3,$ $
T
r j t jd=$ &  (8) 

Last, by writing n times for each of n limbs, we can get 

 q JX= &&  (9) 

where 
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and 

 1 2 3[           ] ,          
TT

x y z nX x y z q d d d dω ω ω ⎡ ⎤= = ⎣ ⎦
& & & && & & && L  (11) 
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3.2.1.2 Screw Theory based Jacobian of Cable Robot 

 
(a) A 6-DOF Cable Robot (b) A sketch of cable i  and related position vectors 

Figure 3-3 Schematic of a 6-DOF Cable Robot 

Figure 3-3 (a) shows a spatial 6-dof cable robot actuated by n  identical cables. 

The lower plate, which is considered as the moving end-effector is connected by n  

identical cables to the upper fixed base at connection-points iA  and iB ,   1,  2,   i n= L , 

which are considered distributed at the vertices of an arbitrary polygon without loss of 

generality. In this system, several close loop kinematic chains are formed by the cables. 

Let’s define two Cartesian coordinate system: 0 0 0 0( , , , )O x y zF  attached to the 

base with the origin located at the center, and ,( , , )E e e e eO x y zF  attached to the moving 

platform (end-effector) with the origin eO  located at the center, the origin the two frames 

are located at the center of the corresponding planes. Moreover, it is assumed that all 

vectors and matrices are represented in the base frame { }0F  unless otherwise indicated. 

Let the location of the ith external cable connection be denoted by 0
iB  and the ith on 
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board cable connection be denoted by 0
iA . Through the same derivation process as 

shown in Section 3.2.1.1, we can get the Jacobian of cable robot in similar form 

 l JX=& &  (12) 

where 
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and  

 1 2 3[           ] ,           
TT

x y z nX x y z l l l l lω ω ω ⎡ ⎤= = ⎣ ⎦
& & & & && & & & L  (14) 

As shown in Figure 3-3 (b), in Eq. (13) and Eq. (14), 
0

il
v

 is the position vector of 

i th cable ( 1, 2, .i n= L ) with respect to frame { }0F , 
0

0

i
i

i

ll
l

=
v

$
v  is the unit length vector of 

i th cable. E
ie  is the position of the i -th onboard cable connector relative to the end-

effecotr coordinate frame { }FE . il&  represents the velocity of i th cable, and 

[           ]T
x y zX x y z ω ω ω=& & & &  is the velocity vector for the reference point in moving 

platform with respect to base frame { }0F . Moreover, 0
ER is the rotation matrix that 

relates the orientation of end-effecotr coordinate frame { }FE  to base frame { }0F , using a 

fixed axis rotation sequence of ψ , φ , and θ  about x , y , and z  axes of { }0F , 

respectively. 
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In the cases of cable robot with pure transitional or point mass moving platform, 

we can get simplified general representation of l JX=& & , where 

 1 2 3      
TT T T T

nJ l l l l⎡ ⎤= ⎢ ⎥⎣ ⎦
$ $ $ $L  (16) 

 1 2 3[     ] ,           
TT

nX x y z l l l l l⎡ ⎤= = ⎣ ⎦
& & & & && & & & L  (17) 

Furthermore, when dealing with the planar case, il , 0
ip , 0

ib , 0
EX  and E

ie , 

[ ]0   y  T
EX x θ=  are vectors in the plane and the orientation is given by  

 0

     0
( )          0    

0       0      1
E

c s
R R s c

θ θ
θ θ θ

−⎡ ⎤
⎢ ⎥= = ⎢ ⎥
⎢ ⎥⎣ ⎦

 (18) 

3.2.2 Conventional Jacobian Analysis of Cable Robot 

In this section, we will show a straightforward analytical method to derive 

Jacobian of cable robot to verify the result from Section 3.2.1.2.  

As show in Figure 3-3 (b), in the base frame { }0F , the vector representing the ith 

cable can be written as 

 0 0 0 0 0 E
i i i i E E il B A B X R e= − = − − v  (19) 

Let i iL l=  denotes the length of i -th cable, by differentiating i iL l= , one can 

derive the inverse kinematics relation between the end-effector twist and joints velocity 

as 
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 l JX=& &  (20) 

where J  is the same as one derive from the screw-based method in Section 3.2.1.2, and 

[ ]0   y  z      T
EX x ψ θ φ= denotes the position of the center of the end-effector eO . In 

frame { }0F  , E
ie  denotes the position of the i -th onboard cable connector relative to the 

robot’s coordinate frame { }EF , and the rotation matrix has the same form as Eq. (15) and 

Eq. (18). 

3.3 Cable Robot Statics 

The statics of cable robot is closely related to the inverse kinematics. Let 

[ ]f  m TW =  represent the vector of output wrenches (forces and moments) on the end-

effector, [ ]1 2        ( 0)T
nF F F F F= ≥L  represents the vector of tensions applied by 

cables. Xδ  represents the vector of virtual displacements on the inertia frame caused by 

W , lδ  represents the vector of virtual cable displacement caused by F .  

According to the D’Alembert’s principle (also known as the principle of virtual 

work) [60], we can have 

 0T TF l W Xδ δ− − =  (21) 

The minus sign in front of the TF lδ  term is because that the tensions and displacements 

are collinear but in reverse direction. Moreover, as the virtual displacement lδ  and Xδ  

are related by Jacobian matrix, which has the form 

 l J Xδ δ=  (22) 

Thus,  

 ( ) 0T TF J W Xδ+ =  (23) 
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Eq. (23) holds for any virtual displacement, Xδ . Then by eliminating Xδ , we can get 

0T TF J W+ = , by taking transpose of it, yields 

   ( 0)TW J F F= − ≥  (24) 

3.4 Cable Robot Dynamics 

In this section, a general form of equation of motion of cable robot is derived 

based on spatial rigid body case (6 DOF). Here, we assume the cables are massless and 

stiff so that the inertias and spring stiffness of cables will have no effect. Furthermore, we 

ignore the inertia/dynamics of motors that drive cables and friction losses between cables 

and pulleys. According to Newton-Euler’s law, output wrenches (forces and moments) on 

the end-effector W  can be written as 
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where m  is the mass, g  is the acceleration due to gravity and I  is the moment of inertia 

of the end-effector about its center of mass. 

By substituting   ( 0)TW J F F= − ≥  in Eq. (24) into Eq. (25), we can get the 

equation of motion of cable robot system as 
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which can be rewritten to a general form as 

 ( ) ( , ) ( )     ( 0)TM X X h X X g X J F F+ + = − ≥&& &  (27) 

where ( )M X is the inertial matrix, ( , )h X X&  term represents the Coriolis and centrifugal 

forces, ( )g X  represents the gravitational force. 

 

3 3 3 3

3 3

3 1

3 1

     0
( )  

0         

0

( , )  

0
0

( )  

0

x x

y y

z z

mI
M X

I

h X X
I

g X
mg

ω ω
ω ω

ω ω

× ×

×

×

×

⎡ ⎤
= ⎢ ⎥
⎣ ⎦

⎡ ⎤
⎢ ⎥
⎛ ⎞ ⎛ ⎞⎢ ⎥= ⎜ ⎟ ⎜ ⎟⎢ ⎥×⎜ ⎟ ⎜ ⎟⎢ ⎥⎜ ⎟ ⎜ ⎟⎢ ⎥⎝ ⎠ ⎝ ⎠⎣ ⎦

⎡ ⎤
⎢ ⎥
⎢ ⎥=
⎢ ⎥−
⎢ ⎥
⎣ ⎦

&

 (28) 

What should point out here is the equation of motion of cable robot system is valid only 

if system input force 0F ≥ , which means the cables must be in tension to maintain the 

configuration and workability of the system. 
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4 Feedback Linearization Controller under Input Constraints 

In this Chapter, we consider the position control problem for cable robot system - 

given a desired trajectory, how to modulate exerting forces of cables so that the end-

effector will converge to that trajectory. 

4.1 Feedback Linearization 

The basic idea of feedback linearization is to construct a control law to cancel all 

nonlinearities of a nonlinear dynamical system via full-state nonlinear feedback, allowing 

traditional linear control techniques such as PID control to be easily implemented on the 

nonlinear system. Due to its very good performance characteristics proven in literature, it 

is popular and widely used control method in field of Robotics. However, it is necessary 

to note that its computational efficiency and need an accurate system (both model 

structure and parametric values) dynamics model limits the applicability. There are 

formal methods derived from nonlinear control theory using lie bracket analysis of vector 

fields to help choose expressions of control law to achieve feedback linearization, 

interested readers can refer to [64].  

In this section, we briefly summarize the application of such feedback 

linearization it to our cable robot system. From Eq. (27), we can see our system shares 

the same general form of equation of motion as simple mechanical system [65], thus, we 

can derive the feedback linearization control law in same way. For reader’s convenience, 

we repeat the equation of motion of cable robot in Eq. (27) as follows 

   ( ) ( , ) ( )     ( 0)TJ F M X X h X X g X F− = + + ≥&& &  (29) 
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To meet the trajectory tracking requirement in our work, we consider a PD 

controller based feedback linearization technique. Let ( )dX t , ( )dX t& and ( )dX t&&  represents 

the desired trajectory information. Define error between actual and desired trajectory as  

 ( ) ( )de X t X t= −  (30) 

Let d p dX X K e K e= + +&& && &  and substitute it in Eq.(29), we have the control input,  

 1( ) [ ( )( ) ( , ) ( )]T
d p dF J M X X K e K e h X X g X−= − + + + +&& &&  (31) 

Then, by substituting Eq. (31) into Eq. (29), we have the error dynamics of the system as 

follows 

 ( )( ) 0p dM X e K e K e+ + =&& &  (32) 

Since ( )M X is inertia matrix of the system, ( ) 0M X ≠ . We have the linear differential 

equation that governs the error between the actual and desired trajectories, as follows 

 0p de K e K e+ + =&& &  (33) 

By choosing pK  and dK  as positive definite, symmetric matrices, we can easily ensure 

that the controlled system is stable and 0e → exponentially when t →∞ . 

Proof: By taking the laplace transform of the error dynamics equation, we have 

 2 ( ) ( ) ( ) 0d ps e s sK e s K e s+ + =  (34) 

Then we have the characteristic equation for the linearized system as follows 

 2 0d ps sK K+ + =  (35) 

The roots of the characteristic equation are 

 21 1 4
2 2d d ps K K K= − ± −  (36) 
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Form Eq. (36) we can see, by the system will be stable as long as pK  and dK  are positive 

definite, symmetric matrices. 

4.2  Tension Actuation Redundancy Resolution Scheme 

It has been mentioned in previous chapters, due to the unidirectional force 

constraint imposed by cables (cables must be in tension), cable robot system should 

possess “actuation redundancy” property in order to maintain its functionality and 

usability. Since the indeterminacy of internal actuation forces caused by actuation 

redundancy can be utilized as optimization formulation to satisfy the unidirectional force 

constraint. In this section, effective actuation redundancy resolution schemes are 

developed for cable robot, the schemes are formulated as solving optimization problem 

based on typical pseudo-inverse solution to the system. The redundancy resolution 

schemes are used to incorporate with the control law developed in Section 4.1 in order to 

meet the requirement of input unidirectional force constraint among cables. 

4.3 Pseudoinverse Based Approach 

As shown in Section 3.4, the equation of motion of cable robot system cab be 

written as 

 ( 1) ( ) ( 1) ,  ( 0)m m n nW S F F× × ×= ≥  (37) 

where  

 TS J= −  (38) 

To solve the inverse dynamics of the system, a general pseudo-inverse solution for Eq. 

(37) can be written as 
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 # #( ) p hF S W I S S z F F= + − = +  (39) 

where I  is n n×  identity matrix, z is an arbitrary n -vector, and #S  is Moore-Penrose 

pseudoinverse of S , since the cable robot system under our consideration is almost 

always redundantly actuated (underconstrained), which means m n< , #S can be 

computed as # 1( )T TS S SS −= , the first term of Eq. (39) corresponds to the particular 

solution. When the second term 0hF = , we have pF F= , which corresponds to least 

squares minimum-norm solution to the system of equations. However, the positiveness of 

this solution is indetermined, which implicates that unidirectional force constraint may be 

violated. And the second term corresponds to the homogeneous solution that maps z  to 

the null space of S . Since hF  can take on any value, there will result in infinite set of 

possible solutions to the system. As shown in [66, 67], authors interpreted pF  as the 

equilibrating force and hF  as internal force respectively. The equilibrating force 

represents the least squares solution to the system, and the internal forces can always 

balance each other within the system therefore these forces do not contribute to the 

effective work to the environment, most importantly, due to redundancy, internal force 

distribution within the system is not unique. Thus, the positiveness of forces can be 

ensured by properly modulating internal actuation distribution.  

4.3.1 Determination of Minimal Parameterization of Null Space 

 In Eq.(39), let #( )H I S S= − , Typically H  matrix is found to be rank deficient: 

rank #( ) ( - )I S S n m n− = < , which means non-independent components exist within the 

null space of S . As the result of that, discontinuity may result in z  [68] due to different 
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set of ( )n m−  independent columns of H  can be chosen for S  in each iterative steps. 

Thus, in this section, we present an approach to find the minimal parameters to uniquely 

represent the null space solution. 

To solve this problem, we can perform singular value decomposition (MATLAB 

routine SVD) to obtain the full rank nullspace component of the system 

 TH U V= Δ  (40) 

where U  and V  are n n×  orthogonal matrices, and Δ  is the diagonal matrix contains the 

singular value of H  in the form { }1 2 ( ), , , ,0, ,0n mdiag σ σ σ −Δ = L L  with 

0,  1, 2,i i n mσ > = −L . By choosing ( )N S  as the first ( )n m−  columns of U matrix 

corresponding to first ( )n m−  non-zero singular value: 1 2 ( )( ) [    ]n mN S U U U −= L , 

(obviously ( ( ))rank N S n m= −  since U  is orthogonal matrix), then, an equivalent 

expression for Eq. (39) becomes 

 #

1

( )
n m

i j p
j

F S W N F N Sα α
−

=

= + = +∑ v  (41) 

where [ ]1 2 ( )
( )     i n n m

N S n n n
× −

= L  denotes the full rank null space or kernel matrix of S , 

and [ ]1 2    T
inα α α=v L  is an arbitrary ( )n m−  vector. Here, ( )i n m= −  where n  is the 

number of cables and m  is the dimension of the Cartesian space or rank of matrix S . 

4.3.2 Tension Optimization Formulation 

In cases, least squares minimum-norm solution pF  results in some negative 

tensions, certain criteria is needed to choose a proper homogeneous solution hF  to 

guarantee the positiveness of F . According to the attribute of null space in our control 
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input solution as mentioned in Section 4.3.1, we can maintain positive input in the form 

of achieving certain secondary goals by properly specifying the tension among cables 

while controlling the cable robot system to perform primary tasks -- like trajectory 

tracking in our work. In this work, we will adopt optimization techniques to achieve our 

control purpose. Specifically, we can optimize the tension among cables by imposing 

proper objective function and considering components of αv  vector in Eq. (41) as design 

variable in the optimization processes.  

By setting our goal as minimum energy consumption, in the other words, optimal 

force distribution, optimization schemes using linear programming and quadratic 

programming can be carried out to in the form of minimizing the actuation forces exerted 

by cables. Following shows two optimization schemes formulated for this goal in the 

general form of linear programming as follows.  

 #

1

:                       

:    ( )

 :        ( )

T
f

n m

i j p
j

p

min W F

where F S W N F N S

subject to N S F

α α

α

−

=

= + = +

− ≤

∑ v

v

 (42) 

fW  is a weighting matrix. For example, If all components of fW  are 1, the objective 

function becomes 1 1( )nF F F+ + +L  

Alternatively, Eq. (42) can be reformulated as follows  

 
:                    

 :   ( )

T
f

p

min W

subject to N S F

α

α− ≤

v

v  (43) 
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5 Active Stiffness Control  

5.1 Introduction 

The stiffness of robot system has a direct relation with the position accuracy. So, 

control strategies, generally known as stiffness control, which would provide accurate 

and stable motion in terms of desired motion trajectory and relationships between 

position error and external force exerted by the end-effector is proposed. The Stiffness 

control strategy can be thought as a special case of impedance control that considers only 

the steady state force/displacement relationship. The stiffness control, while describing 

the steady state response of stable systems, does not adequately describe nor control the 

transient response, that is, the transient forces resulting from the dynamic behavior of the 

system [69]. 

 

 
 
 
 
 

 

(a) (b) 
Figure 5-1 Schematic of stiffness control 
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A simple illustration active stiffness control is shown in Figure 5-1 (a). We 

assume the end-effecotr of the manipulator is in contact with the environment whose 

position is ex . If the position of the manipulator is ex x>  then the reaction force from the 

environment can be modeled as 

 ( )e e ef k x x= −  (44) 

where ek  is stiffness of the environment,  

Moreover, the equation of motion of the system can be given by 

 ( )e ef mx k x x= + −&&  (45) 

where f  is the force exerted by end-effecotr to the environment. 

In steady state, Eq. (45) can be simplified as 

 ( )e e ef k x x f= − =  (46) 

Now, if we want the end-effector to reach the desired position dx , we can implement a 

control law as follows 

 ( )d df k x x= − −  (47) 

In the new steady state, we will have 

 d ef f=  (48) 

By substituting Eq.(46) and Eq.(47) into Eq.(48), then, 

 ( )e
e d e

e

kkf x x
k k

= −
+

 (49) 

If the environment stiffness ek  is large enough, Eq.(49) can be simplified as 

 ( )e d ef f k x x kdx= = − =  (50) 
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This control approach as shown in Eq. (50) can be illustrated in Figure 5-1 (b). Through 

the effect of k , the position error will try to eliminate itself by resulting in resorting force 

exerted on the environment ef . Here, k  is interpreted as the stiffness of the manipulator, 

thus we can achieve relationship between interaction force and position error by actively 

controlling desired stiffness k . 

5.2 Active Stiffness Control of Cable Robot System 

5.2.1 Cartesian Stiffness of Cable Robot System 

Typical cable robot system has “actuation redundancy” property, which means the 

number of the actuators is larger than that of the degrees of freedom. The advantage of 

such system is obvious: in one hand, the internal actuation forces distribution is not 

unique while it executes same effective work to environment in such system; in the other 

hand, internal actuation forces can generate variation of system stiffness from stiffness 

analysis in the following section. Based on this property, effective stiffness control 

strategies can be carried out. 

The forces and moments acting on the end-effector, or the reaction forces and 

moments exerted to the environment by the end-effector, [ ]f  m TW = and deflection of 

the end-effector Xδ caused by W can be related by a stiffness matrix XK  as  

 XdW K dX=  (51) 

where XK  is called Cartesian or task space stiffness matrix. Similarly, tension forces 

exerted by cables [ ]1 2 nF   F    F TF = L and displacement within cables 
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1 2[    ]nl l l lδ δ δ δ= L  caused by F  can be related by a stiffness matrix (cables are 

assumed to have linear stiffness property) lK  as  

 ldF K dl=  (52) 

where lK  is called joint space stiffness matrix, and it is usually a diagonal matrix 

composed of cable stiffness constants.  

Now we can get relationship between joint torques and the end-effector force 

according to cable system dynamic equation  

 W SF=  (53) 

By taking differentiation of Eq. (53), we get  

 ( ) ( )dW dS F S dF= +  (54) 

and substitute Eq. (51) and Eq. (52) into Eq. (54), we have  

 ( ) ( )X lK dX dS F SK dl= +  (55) 

where, 
6

1
i

i i

SdS dx
x=

∂
=

∂∑ , which is derived by taking differentiation upon task space 

variables 1 2 6( , , ,  )X x x x= L .  Then, along with the Jacobian dlJ
dX

= , Eq. (55) can be re-

written as 

 X g cK K K= +  (56) 

where 

 
1 2 6

[     ]g
S S SK F F F
x x x
∂ ∂ ∂

=
∂ ∂ ∂

L  (57) 

 T
c l lK SK J J K J= = −  (58) 
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Eq. (56) represents the relationship of mapping between Cartesian stiffness and joint 

stiffness. The term gK  includes the differential Jacobian (a Hessian–3D tensor) and 

internal actuation force. Since it is depends on configuration and cable forces, it can be 

nonpositive definite and asymmetric. 

From the relationship of mapping between Cartesian stiffness and joint stiffness 

derived above, we can see that Cartesian stiffness is not only related to changes in joint 

stiffness, but also to changes in system configuration as well as changes in actuation 

forces or torques in joints. Kao et, al. [70] termed this mapping between Cartesian 

stiffness and joint stiffness as conservative congruence transformation (CCT), and they 

pointed out the incompleteness of the conventional formulation purposed by Salisbury in 

[71] based on the fact that work done in joint space and Cartesian space within a robotic 

system should obey the law of conservation of energy. In conventional mapping between 

Cartesian stiffness and joint stiffness, the importance of changes in actuation forces or 

torques to the total stiffness matrix is omitted; however, its contribution to the total 

stiffness of a system can be very significant, especially in the case of the actuation 

redundant system. 

5.2.2 Cartesian Stiffness Matrix Properties 

In literature, studies about stiffness have shown when a system is in its static 

equilibrium, the resulting stiffness matrix is always symmetric. However, the stiffness 

matrix can be asymmetric while the system is away from its equilibrium [72], which 

indicates that some non-conservative forces or moments are applied to the system, such 

as disturbance forces or moments.  
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In this work, we only consider the static equilibrium situation, since we are 

mainly interested in steady state response of stable systems. Thus, stiffness matrix K  in 

our study is always symmetric (as shown in the simulation results in Chapter 7).  

Svinin et al. [73] studied the stiffness matrix for the stability analysis of fully 

parallel manipulators. Here, stiffness stability analysis was defined as a property showing 

if the system with auction redundancy can be stabilized by actuation forces, which 

implies that the stiffness can be always improved by increasing the actuation forces. It 

was shown that for the stabilizability of a redundantly actuated system, the total resulting 

stiffness matrix should be positive definite. Specifically, a typical cable robot system, if 

the resulting stiffness of the system can be always improved by increasing the actuation 

forces in the cables; or mathematically, if the stiffness matrix is positive definite, we call 

the system is stable. It is also shown that the stiffness matrix which results from the joint 

compliance is positive definite and hence stable as long as all the joint stiffness 

coefficients are positive. However, the stiffness matrix which arises from the internal 

forces is asymmetric and may be unstable if there is an external torque applied to the end-

effector [74].  

5.2.3 Active Stiffness Control Schemes 

By taking advantage of the indeterminacy of actuation forces resulting from 

actuation redundancy, effective stiffness schemes can be formulated as optimization 

problem. With different criteria, we can achieve different goals by formulating different 

objective functions in optimization. αv  vector in Eq. (41) is design variable in 

optimization process, following shows general form of four schemes based on different 

scenario. 
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Before we formulate the optimization schemes, first we need to rewrite Eq. (56) 

into the following form 

 X g cK K K= +  (59) 

where 

 [ ] ( ( 1))
(:,1)  (:, 2)    (:, ) T

X X X X m m
K K K K m

× ×
= M M L M  (60) 

 [ ] ( ( 1))
(:,1)  (:, 2)    (:, ) T

c c c c m m
K K K K m

× ×
= M M L M  (61) 

 
( )

1 2

( ( ) ) ( )

[      ]

g p p

T
m m n

m

K HF H F N S HF HN S

S S SH
x x x

α α

× ×

= = + = +

∂ ∂ ∂
=

∂ ∂ ∂

v v

M M L M
 (62) 

By substituting Eq. (62) into Eq. (59), we will get a form of XK with implicit αv  as  

 ( )X c pK K HF HN S α= + + v  (63) 

Now, from this we can define the general form of the optimization using Eq. (63) as 

following. 

5.2.3.1 Minimal Force Distribution with Desired Stiffness 

 

:                       

:       ( )

 :     ( )

T
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Subject to N S F

α

α

+ + =

− ≤

v

v
 (64) 

c  is constant that represents desired end-effector stiffness. fW  is a weighting matrix. 

However, this scheme is greatly limited when the number of extra cables is less 

than ( 1)γ − , γ is the number of independent components of desired stiffness matrix. As 

we can prove the number of extra cables denotes the dimension of design variable αv , 

However, in most cases, too many extra cables is not desired, as it will impose the higher 
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possibility of cable interference and greatly limit the workspace. As the result of that, 

feasible solution does not always exist in Eq. (64), which means desired stiffness can not 

be achieved in most designs under this strict criteria. Due to its ineffectiveness and 

limitation, we will not consider this approach as candidate for active stiffness control 

schemes. 

5.2.3.2 Weighted Stiffness Matrix Approach 

Define the error between the desired stiffness and actual stiffness as 

 X X XddK K K= −  (65) 

Our objective is to reduce XdK  by controlling the redundantly actuated forces exerted by 

cables. However, as mentioned in Section 5.2.3.1, it is not always possible to realize the 

desired stiffness in all directions of Cartesian space. Thus, it is necessary that an order of 

priority can be specified among stiffness of different directions. In this way, flexibility 

and usability of the control scheme are greatly enhanced. For this purpose, we can 

formulate the optimization problem as a Quadratic programming problem as follows 
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where XdK  is a ( 1)( 1)
2

n n +
× vector formed by the unique elements of the stiffness 

matrix, since the stiffness matrix is symmetric, for a stiffness with n  dimension the 

number of unique elements is ( 1)
2

n n + , kW  is a diagonal weighting matrix with its 

elements corresponding to each unique elements in XdK . 

5.2.3.3 Lower Bound Stiffness Control (LBSC) 

The joint space stiffness matrix lK  is usually treated as a constant diagonal matrix 

composed of the cable stiffness constants representing the stiffness of each of the cables 

(which are modeled as linear springs), moreover, we only consider controlling cable 

robot in steady state / equilibrium state, thus, task space (Cartesian) stiffness matrix XK  

is a positive semidefinite symmetric matrix and its eigenvalues represent the coefficient 

of stiffness in the principal directions given by the eigenvectors. These directions are in 

fact represented by twist vectors, i.e., generalized velocity vectors. [18]. Therefore, we 

can guarantees the stiffness lower bound min
desσ  through the control of the smallest 

eigenvalue min ( )XKσ of task space stiffness matrix XK , and the directions of maximum 

and minimum stiffness are determined by the eigen vectors minσ and maxσ  of XK .  
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Figure 5-2 Block diagram of Lower Bound Stiffness Control [75] for cable robot 

The principle of this control scheme is shown in Figure 5-2. lk  is prescribed 

stiffness constant of each cable. In each iteration, cable control input forces are solved as 

an optimization problem with explicit design variable αv  to minimize the objective 

function min min min min( ) ( )des T des
X g lf K K J K Jσ σ σ σ= − = − −  under constraint of positive cable 

input forces F . Then the simultaneous position and velocity information of the cable 

robot are feedback to the feedback linearization controller, such that new task space 

control output is generated according to errors between desired and actual kinematics 

information of the cable robot. This output then is filtered through the inverse dynamics 

operator 1( )TJ −−  to calculate the particular solution and homogenous solution of new 

cable control input forces candidates in terms of design variable αv  ( for details refer to 

Section 4.3.1.) Last, the design variableαv  is solved through the optimization solver and 

the optimized new cable control input forces F  is obtained to complete a control loop.  
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6 Simulation  

6.1 Virtual Model Simulation and Analysis Framework 

In past decade, great advances in computational power and tools enable engineers 

and researcher to perform many computer based high fidelity simulations. People can use 

computer to simulate the visualized physical response of their virtual 3D CAD model in 

the area of their interest, such as kinematics, dynamics, heat transfer, vibration, stress 

models with related software package in controlled virtual environment. This 

methodology is termed as Virtual Prototyping (VP), also known as Simulation-Based 

Design (SBD). Although a virtual prototype can never fully replace a physical prototype 

mainly because of the lack of fully understandings of some complex physical effects, it 

enables people to learn about the actual operation and performance of their theoretical 

designs realistically, accurately and quantitatively before getting into costly, time-

consuming and sometimes inaccurate physical prototype test too early. With these 

advantages, Virtual Prototyping has rapidly gained popularity and become a crucial part 

of most engineering design processes [76]. 
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Figure 6-1 An overhead crane model within MSC.visualNastran4D 

One of the well known simulation packages includes MSC.visualNastran4D, an 

example of the use of such a tool is illustrated in Figure 6-1. It shows an overhead crane 

model examined within MSC.visualNastran4D, the crane is supported by a horizontal 

beam 10m in length. Below it hangs a large hook for carrying loads. A horizontal force 

(e.g., via a cable) is applied to the crane to move it along the beam. With this model, 

users can do various simulations based on design intentions; for example, evaluate the 

torque output of driving motor needed to move the crane from one point along the beam 

to another in a timely fashion without exceeding performance limits. 

6.2 MSC.visualNastran 4D Implementation Framework 

The next step undertook is the implementation in a virtual simulation, control, and 

analysis framework to simulate our control schemes for cable robot system. In this 

section, we will discuss the development of the development of a MATLAB Simulink 

MSC visualNastran integrated analysis framework for virtual simulation of our design, 
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redundancy resolution and stiffness control schemes developed for our cable robot 

system. The models use the scheme can be used in conjunction with the MATLAB GUI 

to analyze the associated system model. A future aim of this implementation was to 

provide a basis for the real-time, hardware-in-the-loop simulation of a mechanical model 

of the system. 

Figure 6-2 MATLAB/Simulink, MSC. visualNastran integrated analysis framework 

Simulink has the capability of dynamic in-the-loop communication and data 

transfer with the visualNastran (VN) model, thus the VN model can be served as the 

virtual plant in the Simulink simulation control loop, which includes both dynamics and 

kinematics model of our robot system. It is represented as a visualNastran block as shown 

in Figure 6-2, linking the various inputs and outputs of the VN model with the Simulink 

simulation. During the VN simulation the virtual model is controlled by force inputs 

(cable tensions) generated by the implemented trajectory tracking controller in the 
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MATLAB Simulink. Finally, different disturbance forces from environment were also 

imposed to validate the effectiveness of our stiffness control scheme.  

6.2.1 Overall Simulation Routine 

 

Figure 6-3 Block diagram of overall simulation routine 

A block diagram of our simulation routine is shown in Figure 6-3. It is composed 

of seven blocks: desired trajectory, feedback linearization controller, cable tension 

optimization, cable robot model in MSC. visualNastran 4D, Desired stiffness, cable robot 

stiffness model and disturbance force. The Cable Robot model in MSC. visualNastran 4D 

block contains the virtual prototype of cable robot system built in MSC. visualNastran 

4D, it serves as the plant being controlled by cable forces input that are generated in 

MATLAB/Simulink in the simulation routine. This block outputs simultaneous 

information of the robot system in position, velocity and acceleration levels, which serves 

as the feedback input to the Feedback Linearization Controller block, such that 

correcting control inputs to the cable robot will be generated according to desired 
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trajectory information specified in desired trajectory block. The Cable Tension 

Optimization block serves as the decision making and secondary tasks block to regulate 

control inputs from Feedback Linearization Controller block depending on different 

redundancy resolution schemes implemented. In our work, it is used to achieve minimal 

forces exertion among cables and active stiffness control in the premise of maintaining 

cables in tension. The Desired Stiffness block is used to specify desired end-effector 

stiffness of cable robot in active stiffness control. The Cable Robot Stiffness block 

contains the stiffness model of cable robot developed in Section 5.2.3 and serves a part of 

active stiffness control scheme. Inputs of this block include the position information, 

input control cable forces, cables stiffness constant and configuration information of 

current system. The Output of this block is the resorting force corresponding to controlled 

stiffness along with position error generated by disturbance force from Disturbance 

Force block. This resorting force serves as the compensation in disturbance rejection 

scenario.  

6.3 Our Systems 

In our work, a variety of cable robot systems based on different configurations are 

studied. Each configuration of virtual prototype in our simulation is discussed in greater 

detail as follows. 
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(a) (b) 

(c) (d) 

 Figure 6-4 Virtual prototypes of cable robot systems 

6.3.1 Planar Point Mass Cable Robot 

In planar point mass cable robot system as shown in Figure 6-4 (a), the end-

effector is modeled as a point mass and attached by three cables, which are actuated by 

one motor separately in a plane. The three motors forming the base are located at (0, 0) 

m, (0.6, 0) m, and (0.3, 0.52) m. The initial position of the end-effector is located at 

(0.35, 0.173) m, which is the center of the equilateral triangle formed by the boundary of 

the base. As we can see, this system is fully constrained as defined in Section 1.1. It has 

one redundant actuation since the end-effecotr has two DOF while it is driving by three 

cables. 
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6.3.2 Planar Rigid Body Cable Robot 

In planar rigid body cable robot system as shown in Figure 6-4 (b), the end-

effector is modeled as a rigid cuboid and attached by four cables, which are actuated by 

one motor separately in a plane. The four motors forming the base are located at (0, 0) m, 

(1, 0) m, (1, 1) m and (0, 1) m. The initial position of the end-effector is located at (0.5, 

0.5) m, which is the center of the square formed by the boundary of the base. As we can 

see, As we can see, this system is fully constrained as defined in Section 1.1. It has one 

redundant actuation since the end-effecotr has three DOF while it is driving by four 

cables. 

6.3.3 Spatial Point Mass Cable Robot 

In spatial point mass cable robot system as shown in Figure 6-4 (c), the end-

effector is modeled as a point mass and attached by four cables, which are actuated by 

one motor separately in a 3-D space. The four motors forming the base are located at (0, 

0) m, (0.6, 0) m, (0.6, 0.6) m and (0, 0.6) m. The initial position of the end-effector is 

located at (0.3, 0.3, - 0.6) m, which is the center of the square formed by the boundary of 

the base in X-Y direction. As we can see, this system is fully constrained as defined in 

Section 1.1. It has one redundant actuation since the end-effecotr has three DOF while it 

is driving by four cables. 

6.3.4 Spatial Rigid Body Cable Robot 

In spatial rigid body cable robot system as shown in Figure 6-4 (d), the end-

effector is modeled as a point mass and attached by six cables, which are actuated by one 

motor separately in a 3-D space. The six motors forming the base are located at (0, 0) m, 
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(1, 0) m, and (0.5, 0.866) m. The initial position of the end-effector is located at (0.5, 

0.2887, - 0.5) m, which is the center of the equilateral triangle formed by the boundary of 

the base in X-Y direction. As we can see, the end-effecotr of this system has six DOF 

while it is driving by six cables. In our work, we can also consider such system has one 

redundant actuation, since the gravity of the end-effector can serve as an actuation with 

fixed magnitude and direction. 
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7 Results 

In this section, we will discuss the results of application of the control schemes 

developed in Chapter 4 and Chapter 5 to a variety of cable robot configurations described 

in Section 6.3, which are summarized as follows: 

Case A -- Planar Point Mass: 

In planar point mass cable robot system, the end-effector is modeled as a point 

mass and attached by three cables and actuated by one motor separately in a plane as 

shown in Fig  Figure 6-4 (a).  

Case B -- Planar Rigid Body: 

In planar rigid body cable robot system, the end-effector is modeled as a rigid 

cuboid and attached by four cables and actuated by one motor separately in a plane as 

shown in Fig  Figure 6-4 (b). 

Case C -- Spatial Point Mass: 

In spatial point mass cable robot system, the end-effector is modeled as a point 

mass and attached by four cables and actuated by one motor separately in a 3-D space as 

shown in  Figure 6-4 (c). 

Case D -- Spatial Rigid Body: 

In spatial rigid body cable robot system, the end-effector is modeled as a point 

mass and attached by six cables and actuated by one motor separately in a 3-D space as 

shown in  Figure 6-4 (d). 

According to the control schemes, difference simulation scenarios are introduced. 

First we will perform trajectory tracking tasks with minimal force distribution among 
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cables. Then we will perform trajectory tracking tasks augmented with active stiffness 

control schemes – (a) weighted stiffness matrix; (b) Lower bound stiffness control. Last, 

we will introduce disturbance to test the effectiveness of our active stiffness control 

scheme. The case studies to be shown in this section are listed in Table 7-1. In the 

subsequent results we only highlight the parameters that make each result unique. 

 Trajectory Type Case A Case B Case C Case D 

Point stabilization  ×   ×  

Straight line tracking  ×   ×  

 
Minimal 

Force 
Distribution Circle tracking ×   ×  ×  

Straight line tracking  ×    Active 
Stiffness 
Control Circle tracking ×     

Response to 
Disturbance 

Straight line tracking  ×    

Table 7-1 Select simulation scenarios for different cases 

7.1 Trajectory Tracking with Minimal Cable Force Distribution  

In this section, the simulation results show the performance of cable robots with 

various configurations mentioned in Section 6.3 implemented by trajectory tracking 

controller developed in Section 4.1 and the actuation redundancy resolution scheme with 

the goal of minimization of input control force among cables developed in Section 4.3.  

7.1.1 Point Stabilization with Case B 

In this simulation scenario, the end-effector of case B is initially at  (0.5,  0.5)m , 

  0 radφ = , and the desired final position is (0.6,  0.7) ,    / 9  m pi radφ = . Figure 7-1 (b) 

shows the path the end-effector move to the desired position. In Figure 7-1 (c) and Figure 

Figure 7-1 (d), we can see the initial position converges to the desired position 

asymptotically in very shot time span. Moreover, the tension profile among cables that 



   

 61

driving the end-effector shown in Figure 7-1 (e) are always positive, and they are being 

controlled to reduce to zero while the end-effector is converging to desired position.  

 
(a) 

(b) (c) 

(d) (e) 
Figure 7-1 Point stabilization with Case B 
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7.1.2 Point Stabilization with Case D 

In this simulation scenario, the end-effector of case D is initially at 

(0.5,  0.2887,  - 0.5) ,    0 ,    0 ,    0 m rad rad radα β φ= = =  and the desired final 

position is (0.4 ,  0.35,  - 0.7) m m ,  0 radα = ,  0 radβ = ,  / 6 pi radφ =  . Figure 7-2 

(b) shows the path the end-effector move to the desired position. In Figure 7-2 (c-f), we 

can see the initial position converges to the desired position asymptotically in very shot 

time span. Moreover, the tension profile among cables that driving the end-effector 

shown in Figure 7-2 (g) are always positive, and they are being controlled to reduce to 

constant values while the end-effector is converging to desired position.  

 
(a) 

(b) (c) 
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(d) (e) 

(f) (g) 
Figure 7-2 Point stabilization with Case D 

7.1.3 Straight Line Tracking with Case B 

 In this simulation scenario, the end-effector of case B is initially at (0.5,  0.5) m , 

  0 radφ =  and the desired end-effector trajectory is a straight line    0.55 x m= , 

  (0.5  0.1 ) y t m= + ,   0 radφ = such that the desired velocity is 0.1 /m s . In Figure 7-3 

(a) and Figure 7-3 (b), we can see the initial position converges to the desired trajectory 

asymptotically in very shot time span. Moreover, the tension profile among cables that 

driving the end-effector shown in Figure 7-3 (c) are always positive, and they are being 

controlled to reduce to zero while the end-effector is converging to desired trajectory.  
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(a) 

(b) (c) 
Figure 7-3 Straight line tracking with Case B 

7.1.4 Straight Line Tracking with Case D 

In this simulation scenario, the end-effector of case D is initially at 

(0.5,  0.3, -0.5) ,    0 ,    0 ,    0 m rad rad radα β φ= = =  and the desired end-effector 

trajectory is a straight line   0.53x m= ,  (0.3  0.1 )y t m= + ,  (- 0.5  0.1 )z t m= +  such 

that the desired velocity is 0.1414 /m s . In Figure 7-4 (a) and Figure 7-4 (b), we can see 

the initial position converges to the desired trajectory asymptotically in very shot time 

span. Moreover, the tension profile among cables that driving the end-effector shown in 
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Figure 7-4 (c) are always positive while the end-effector is converging to desired 

trajectory.  

 
(a) 

(b) (c) 
Figure 7-4 Straight line tracking with Case D 

7.1.5 Circle Tracking with Case A 

 In this simulation scenario, the end-effector of case A is initially at 

(0.3,  0.173) m  and the desired end-effector trajectory is a straight line 

 (0.3 + 0.1cos(t)) x m= ,  (0.173 + 0.1sin(t)) y m=  such that the desired velocity is 

0.1 /m s . In Figure 7-5 (a) and Figure 7-5 (b), we can see the initial position converges to 

the desired trajectory asymptotically in very shot time span. Moreover, the tension profile 
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among cables that driving the end-effector shown in Figure 7-5 (c) are always positive, 

and they are being controlled to reduce to zero while the end-effector is converging to 

desired trajectory.  

 
(a) 

(b) (c) 
Figure 7-5 Circle tracking with Case A 

7.1.6 Circle Tracking with Case C 

In this simulation scenario, the end-effector of case C is initially at 

(0.45,  0.3, -0.6)  m  and the desired end-effector trajectory is a circle in X-Y 

plane: (0.3  0.15cos(2 / 3))x t m= + , (0.3  0.15sin(2 / 3))y t m= + ,  (-0.6  0.05 )z t m= + . In 

Figure 7-6 (a-c), we can see the end-effector tracks the desired trajectory very well. 
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Moreover, the tension profile among cables that driving the end-effector shown in Figure 

Figure 7-6 (d) are always positive while the end-effector is tracking desired trajectory.  

 
 

(a) (b) 

(c) (d) 
Figure 7-6 Circle tracking with Case C 
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7.1.7 Circle Tracking with Case D 

In this simulation scenario, the end-effector of case D is initially at 

(0.55,  0.3, -0.5) ,  0 m radα β φ= = =  and the desired end-effector trajectory is a circle in 

X-Y plane: (0.4  0.15cos(2 / 3))x t m= + , (0.3 0.15sin(2 / 3))y t m= + , (-0.6  0.05 )z t m= + , 

0 radα β φ= = = . In Figure 7-7 (a-c), we can see the end-effector tracks the desired 

trajectory very well. Moreover, the tension profile among cables that driving the end-

effector shown in Figure 7-7 (d) are always positive while the end-effector is tracking 

desired trajectory.  

 
 

 
(a) (b) 
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(c) (d) 
Figure 7-7 Circle tracking with Case D 

7.2 Trajectory Tracking Augmented with Active Stiffness Control  

In this section, the simulation results show the performance of cable robots with 

various configurations mentioned in Section 6.3 implemented by trajectory tracking 

controller developed in Section 4.1 and the two active stiffness control schemes in 

Section 5.2.3. Without loss of generality, the stiffness constant of cables in all cases is set 

to 1 /N m . The active stiffness schemes are briefly summarize as follows:  

Weighted Stiffness Matrix: 

As mentioned in Section (5.2.3), it is not always possible and necessary to realize 

the desired stiffness in all directions of end-effecotr (Cartesian space) of a cable robot 

system. Thus, We can achieve the control of stiffness in desired directions by assigning a 

weighting matrix to prioritize the elements in the stiffness matrix to be controlled. 

Specifically, in our work, we will only consider the diagonal elements in the stiffness 

matrix when formulating the weighting matrix, since the non-diagonal elements are 

highly coupled, and they have much less effect than the diagonal element to the overall 

stiffness of the workspace of cable robot system.  



   

 70

 

Lower Bound Stiffness Control (LBSC): 

This scheme guarantees a lower bound of the end-effector stiffness, thus, it is very 

useful in the applications that need high enough stiffness in all directions of the end-

effector during interaction with environment under uncertain disturbances.  

In the subsequent sections, several simulation scenarios are performed to validate 

the effectiveness of these two schemes proposed in this work, they are summarized as 

follows: 

7.2.1 Straight line tracking augmented with active stiffness control with case B 

7.2.1.1 Weighted stiffness matrix 

7.2.1.1.1 Controlling the stiffness in X and Y directions 

7.2.1.1.2 Controlling the stiffness in rotational direction 

7.2.1.2 Lower bound stiffness control 

7.2.2 Circle Tracking augmented with active stiffness control with case A 

7.2.2.1 Weighted stiffness matrix 

7.2.2.1.1 Controlling the stiffness in X directions 

7.2.2.1.2 Controlling the stiffness in X and Y direction 

7.2.2.2 Lower bound stiffness control 

7.2.1 Straight Line Tracking Augmented Stiffness Control with Case B 

In this simulation scenario, the end-effector of case B is is initially at (0.5, 0.5)m , 

  0 radφ = and end-effector trajectory, as shown in Figure 7-8, is a straight line 

0.55x m= , (0.5  0.1 )  y t m= + ,  0 radφ =  such that the desired velocity is 0.1 /m s . 
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Figure 7-8 Straight line trajectory with Case B 

7.2.1.1 Weighted Stiffness Matrix 

According to Section 5.2.3.2 , the general form of weighted stiffness matrix for 

case B can be written as  

 [      ]T
X xx xy x yy ydK dK dK dK dK dK dKφ φ φφ=  (68) 

and the weighting matrix 

   [        ]Kx Kxy Kx Ky Ky KW diag W W W W W Wφ φ φ=  (69) 

7.2.1.1.1 Control of Stiffness in X and Y Directions 

Case Study 1: [   ] [50 /  50 /  50 / ]dx dy dK K K N m N m Nm radφ =  

In this case, the desired stiffness in all direction is 

  [   ]  [50 /  50 /  50 / ]d dx dy dK diag K K K N m N m Nm radφ= =  . However, the stiffness in 

X and Y  directions (  and x yK K ) are primarily important. Hence, our goal is to reduce 

  (  - )x dx xdK K K=  and   (  - )y dy ydK K K=  with equal priority. Accordingly, we set the 

weighting matrix in Eq.(7.2) as  [ 0.5 0 0  0.5  0 0]W diag= , which means 
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0.5,  0.5,  0Kx Ky KW W W φ= = =  . In Figure 7-9 (b), we can see the end-effector tracks 

the desired trajectory very well, while the corresponding tension profile among cables 

that driving the end-effector shown in Figure 7-9 (a) are always positive. Moreover, in 

Figure 7-9 (c-d), we can see the stiffness in x and y-directions are very near the desired 

stiffness 50 N/m and with similar errors, however, the value of stiffness in φ  directions is 

around 10 N/m, which is far less than the desired stiffness. 

(a) (b) 

(c) (d) 

Figure 7-9 Controlling the stiffness in X and Y directions with Case B, 50 /dK N m=  
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Case Study 2: [   ] [100 /  100 /  100 / ]dx dy dK K K N m N m Nm radφ =  

In this case, the desired stiffness in all direction is 

  [   ]  [100 /  100 /  100 / ]d dx dy dK diag K K K N m N m Nm radφ= =  . However, the stiffness 

in X and Y  directions (  and x yK K ) are primarily important. Hence, our goal is to reduce 

  (  - )x dx xdK K K=  and   (  - )y dy ydK K K=  with equal priority. Accordingly, we set the 

weighting matrix in Eq.(7.2) as  [ 0.5 0 0  0.5  0 0]W diag= , which means 

  0.5,    0.5,    0Kx Ky KW W W φ= = =  . 

(a) (b) 

(c) (d) 

Figure 7-10 Controlling the stiffness in X and Y directions with Case B, 100 /dK N m=  
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In Figure 7-10 (b), we can see the end-effector tracks the desired trajectory very 

well, while the corresponding tension profile among cables that driving the end-effector 

shown in Figure 7-10 (a) are always positive. Moreover, in Figure 7-10 (c-d), we can see 

the stiffness in X and Y  directions are very near the desired stiffness 100 N/m and with 

similar errors, however, the value of stiffness in φ  directions is around 18 N/m, which is 

far less than the desired stiffness. 

7.2.1.1.2 Control of Stiffness in Rotational Direction 

Case Study 1: [   ]  [50 /  50 /  50 / ]dx dy dK K K N m N m Nm radφ =  

In this case, the desired stiffness in all direction is 

  [   ]  [50 /  50 /  50 / ]d dx dy dK diag K K K N m N m Nm radφ= = . However, the stiffness in 

the rotational directions φ  ( Kφ ) are primarily important. Hence, our goal is to reduce 

  (  - )ddK K Kφ φ φ=  with priority. Accordingly, we set the weighting matrix in Eq.(7.2) as 

  [0 0 0 0 0 1]W diag= , which means 0,  0,  1Kx Ky KW W W φ= = =  . In Figure 7-11 (b), we 

can see the end-effector tracks the desired trajectory very well, while the corresponding 

tension profile among cables that driving the end-effector shown in Figure 7-11 (a) are 

always positive. Moreover, in Figure 7-11 (c-d), we can see the stiffness in φ  directions 

are at the desired stiffness 50 N/m, however, the value of stiffness x and y-directions 

ranges from around 300 N/m to 400 N/m, which is far more than the desired stiffness. 
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(a) (b) 

(c) (d) 

Figure 7-11 Controlling the stiffness in rotational directions with Case B, 50 /dK Nm rad=  

Case Study 2: [   ]  [100 /  100 /  100 / ]dx dy dK K K N m N m Nm radφ =  

In this case, the desired stiffness in all direction is 

  [   ]  [100 /  100 /  100 / ]d dx dy dK diag K K K N m N m Nm radφ= = . However, the stiffness in 

the rotational directions φ  ( Kφ ) are primarily important. Hence, our goal is to reduce 

  (  - )ddK K Kφ φ φ=  with priority. Accordingly, we set the weighting matrix in Eq.(7.2)  

as   [0 0 0 0 0 1]W diag= , which means 0,  0,  1Kx Ky KW W W φ= = =  . In Figure 7-12 (b), 

we can see the end-effector tracks the desired trajectory very well, while the 

corresponding tension profile among cables that driving the end-effector shown in Figure 
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7-12 (a) are always positive. Moreover, in Figure 7-12 (c-d), we can see the stiffness in φ  

directions are at the desired stiffness100 N/m, however, the value of stiffness x and y-

directions ranges from around 600 N/m to 800 N/m, which is far more than the desired 

stiffness. 

(a) (b) 

(c) (d) 

Figure 7-12 Controlling the stiffness in rotational directions with Case B, 100 /dK Nm rad=  
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7.2.1.2 Lower Bound Stiffness Control 

According to Section 5.2.3.3 , for Case B we have,  

 min min( )T des
g lK J K Jσ σ− =  (70) 

where 

 1 2 3 4 [     ],  [       ] 0T
g

S S SK F F F F F F F F
x y φ
∂ ∂ ∂

= = ≥
∂ ∂ ∂

 (71) 

Case Study 1: min 50 /desK N m=  

(a) (b) 

(c) (d) 
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(e) 

Figure 7-13 Lower bound stiffness control with Case B, min 50 /desK N m=  

 In this case, the desired lower bound for the main diagonal elements of the 

stiffness matrix is min 50 /des N mσ = . In Figure 7-13 (b), we can see the end-effector tracks 

the desired trajectory very well, while the corresponding tension profile among cables 

that driving the end-effector shown in Figure 7-13 (a) are always positive. Moreover, in 

Figure 7-13 (c-d), we can see the lower bound stiffness of all directions is at the desired 

value 50 N/m. Moreover, in Figure 7-13 (e) we can see the maximum and minimum 

eigenvalue (or stiffness) generated by LBSC along the trajectory, the minimum stiffness 

of the system is always at 50 N/m. 

Case Study 2: min 100 /desK N m=  

In this case, the desired lower bound for the main diagonal elements of the 

stiffness matrix is min 100 /des N mσ = . In Figure 7-14 (b), we can see the end-effector tracks 

the desired trajectory very well, while the corresponding tension profile among cables 

that driving the end-effector shown in Figure 7-14 (a) are always positive. Moreover, in 

Figure 7-14 (c-d), we can see the lower bound stiffness of all directions is at the desired 

value 50 N/m. Moreover, in Figure 7-14 (e) we can see the maximum and minimum 
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eigenvalue (or stiffness) generated by LBSC along the trajectory, the minimum stiffness 

of the system is always at 100 N/m. 

(a) (b) 

(c) (d) 

 
(e) 

Figure 7-14 Lower bound stiffness control with Case B, min 100 /desK N m=  



   

 80

7.2.2 Circle Tracking with Augmented Stiffness Control with Case A 

In this simulation scenario, the end-effector of case B is is initially at 

(0.3,  0.173)m  and the desired end-effector trajectory is a circle ( 0.3 + 0.1cos(t)) x m= , 

(0.173 + 0.1sin(t))  y m= , such that the desired velocity is 0.1 /m s . 

 
Figure 7-15 Circle trajectory tracking with Case A 

7.2.2.1 Weighted Stiffness Matrix  

According to Section 5.2.3.2, the general form of weighted stiffness matrix x for 

case A can be written as  

 [  ]T
X xx xy yydK dK dK dK=  (72) 

and the weighting matrix 

  [   ]Kx Kxy KyW diag W W W=  (73) 
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7.2.2.1.1 Control of Stiffness in X Direction 

Case Study 1: [  ]  [100  50] /dx dyK K N m=  

In this case, the desired stiffness  [  ]  [100  50] /d dx dyK diag K K N m= =  , we 

assume that the stiffness in x  directions ( xK ) are primarily important. Hence, our goal is 

to reduce   (  - )x dx xdK K K=  with first priority. Accordingly, we set the weighting matrix 

in Eq.(7.6) as   [1 0 0]W diag= , which means  1,    0Kx KyW W= =  . In Figure 7-16 (b), 

we can see the end-effector tracks the desired trajectory very well, while the 

corresponding tension profile among cables that driving the end-effector shown in Figure 

7-16 (a) are always positive. Moreover, in Figure 7-16 (c-d), we can see the stiffness in x-

directions are at the desired stiffness 100 N/m while the value of stiffness in y-directions 

is changing in a wide range, which is around from 30 N/m to 420 N/m. 

(a) (b) 
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(c) (d) 

Figure 7-16 Controlling the stiffness in X directions with Case A, 100 /dK N m=  

Case Study 2: [  ]  [500  50] /dx dyK K N m=  

In this case, the desired stiffness  [  ]  [500  50] /d dx dyK diag K K N m= =  , we 

assume that the stiffness in X  directions ( xK ) are primarily important. Hence, our goal is 

to reduce   (  - )x dx xdK K K=  with first priority. Accordingly, we set the weighting matrix 

in Eq.(7.6) as   [1 0 0]W diag= , which means  1,    0Kx KyW W= =  . In Figure 7-17 (b), 

we can see the end-effector tracks the desired trajectory very well, while the 

corresponding tension profile among cables that driving the end-effector shown in Figure 

7-17 (a) are always positive. Moreover, in Figure 7-17 (c-d), we can see the stiffness in x-

directions are at the desired stiffness 500 N/m while the value of stiffness in y-directions 

is changing in a wide range, which is around from 250 N/m to 2200 N/m. 
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(a) (b) 

(c) (d) 

Figure 7-17 Controlling the stiffness in X directions with Case A, 500 /dK N m=  

7.2.2.1.2 Control of Stiffness in X and Y Directions 

Case Study 1: [  ]  [100  50] /dx dyK K N m=  

In this case, the desired stiffness  [  ]  [100  50] /d dx dyK diag K K N m= =  , we 

assume that the stiffness in X and Y  directions ( and x yK K ) are primarily important. 

Hence, our goal is to reduce  (  - )x dx xdK K K=  and  (  - )y dy ydK K K=  with equal 

priority. Accordingly, we set the weighting matrix in Eq.(7.6) as 

  [ 0.5 0 0.5]W diag= , which means  0.5,    0.5Kx KyW W= =  . In Figure 7-18 (b), 
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we can see the end-effector tracks the desired trajectory very well, while the 

corresponding tension profile among cables that driving the end-effector shown in Figure 

7-18 (a) are always positive. Moreover, in Figure 7-18 (c-d), we can see the stiffness in x-

direction are near the desired stiffness 100 N/m. Meanwhile, the stiffness in y-direction is 

also near the desired stiffness 50 N/m, moreover, its error to the desired stiffness is less 

than that of in x-direction. 

(a) (b) 

(c) (d) 

Figure 7-18 Controlling the stiffness in X and Y directions with Case A, [  ]  [100  50] /dx dyK K N m=  
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7.2.2.2 Lower Bound Stiffness Control 

According to Section 5.2.3.3 , for Case A we have,  

 min min( )T des
g lK J K Jσ σ− =  (74) 

where 

 1 2 3[   ],  [     ] 0T
g

S SK F F F F F F
x y
∂ ∂

= = ≥
∂ ∂

 (75) 

Case Study 1: min 50 /desK N m=  

In this case, the desired lower bound for the main diagonal elements of the 

stiffness matrix is min 50 /des N mσ = . In Figure 7-19 (b), we can see the end-effector tracks 

the desired trajectory very well, while the corresponding tension profile among cables 

that driving the end-effector shown in Figure 7-19 (a) are always positive. Moreover, in 

Figure 7-19 (c-d), we can see the lower bound stiffness of all directions are at the desired 

value 50 N/m. Moreover, in Figure 7-19 (e) we can see the maximum and minimum 

eigenvalue (or stiffness) generated by LBSC along the trajectory, the minimum stiffness 

of the system is always at 50 N/m.  

(a) (b) 
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(c) (d) 

 

(e) 
Figure 7-19 Lower bound stiffness control with Case A, min 50 /desK N m=  

Case Study 2: min 100 /desK N m=  

In this case, the desired lower bound for the main diagonal elements of the 

stiffness matrix is min 100 /des N mσ = . In Figure 7-20 (b), we can see the end-effector tracks 

the desired trajectory very well, while the corresponding tension profile among cables 

that driving the end-effector shown in Figure 7-20 (a) are always positive. Moreover, in 

Figure 7-20 (c-d), we can see the lower bound stiffness of all directions are at the desired 

value 50 N/m. Moreover, in Figure 7-20 (e) we can see the maximum and minimum 
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eigenvalue (or stiffness) generated by LBSC along the trajectory, the minimum stiffness 

of the system is always at 100 N/m.  

(a) (b) 

(c) (d) 

 
(e) 

Figure 7-20 Lower bound stiffness control with Case A, min 100 /desK N m=  
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7.3 Disturbance Rejection -- Straight Line Tracking 

In this section, simulation results show the performance of LBSC developed in 

Section 5.2.3.3 under two different disturbances as follows 

Disturbance Case 1:  0 ,  5sin(4 ) x yF N F t Nπ= =  is applied to the end-effector 

at time period: 0.5 1.5 s t s< < . 

Disturbance Case 2: (5, -5) F N=  is applied to the end-effector at time 

period: 0.5 1.5 s t s< < . 

We will use case B model as our test bed though out this section. Moreover, case 

studies are performed both with and without LBSC under each disturbance to illustrate 

the effectiveness of our approach. 

7.3.1 Straight Line Tracking under Disturbance Case 1 

In this simulation scenario, the end-effector of case B is initially at 

(0.55,  0.5) m and the desired end-effector trajectory (as shown in Figure 7-3) is a straight 

line     0.55 x m= ,   (0.5  0.1 ) y t m= + , such that the desired velocity is 0.1 /m s . 

7.3.1.1 Case 1 without LBSC 

In this case, the end-effctor is controlled under trajectory tracking control with 

minimal cable force distribution as shown in Chapter (4). In Figure 7-21 (a), we can see 

the actual trajectory of end-effector deviate from the desired trajectory under the sinusoid 

disturbance, the maximum position error is about  36 10 m−×  as shown in Figure 7-21 (c). 

The corresponding tension profiles of cables shown in Figure 7-21 (b) are always 

positive, and their magnitude change corresponding to the disturbance. Similar results are 



   

 89

shown in Figure 7-21 (d-e) for the profiles of the task space stiffness. This can be 

explained as the effect of control force generated by the position feedback gain in the 

trajectory tracking controller in implementation.  

 

(a) 

(b) (c) 

(d) (e) 

Figure 7-21 Straight Line Tracking under disturbance 1 without LBSC with Case B 
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7.3.1.2 Case 1 with LBSC min 50 /desK N m=  

In this case, the end-effctor is controlled under trajectory tracking control 

augmented LBSC with lower bound stiffness at 50 /N m . In Figure 7-22 (a), we can see 

the end-effector tracks the desired trajectory much better than the case without LBSC, the 

maximum position error is about 32.3 10 m−×  as shown in Figure 7-22 (b). The 

corresponding tension profiles of cables shown in Figure 7-22 (c) are always positive and 

controlled at larger magnitude than in Figure 7-21 (b) in order to achieve the desired task 

space stiffness of the end-efftor. In Figure 7-22 (d-f), we can see the lower bound 

stiffness of all directions is at the desired value 50 /N m . As the result of that, necessary 

resorting force is generated to compensate disturbance in certain level. 

 

(a) (b) 
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(c) (d) 

(e) (f) 

Figure 7-22 Straight Line Tracking under disturbance 1 with LBSC with Case B 

7.3.2 Straight Line Tracking under Disturbance Case 2 

7.3.2.1 Case 2 without LBSC 

In this case, the end-effctor is controlled under trajectory tracking control with 

minimal cable force distribution as shown in Chapter (4). In Figure 7-23 (a), we can see 

the actual trajectory of end-effector deviate from the desired trajectory under the sinusoid 

disturbance, the maximum position error is about 38 10 m−×  as shown in Figure 7-23 (c). 

The corresponding tension profiles of cables shown in Figure 7-23 (b) are always 

positive, and their magnitude change corresponding to the disturbance. Similar results are 

shown in Figure 7-23 (d-e) for the profiles of the task space stiffness. This can be 

explained as the effect of control force generated by the position feedback gain in the 

trajectory tracking controller in implementation.  
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(a) 

(b) (c) 

(d) (e) 

Figure 7-23 Straight Line Tracking under disturbance 2 without LBSC with Case B 
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7.3.2.2  Case 2 with LBSC min 50 /desK N m=  

In this case, the end-effctor is controlled under trajectory tracking control 

augmented LBSC with lower bound stiffness at 50 /N m . In Figure 7-24 (a), we can see 

the end-effector tracks the desired trajectory much better than the case without LBSC, the 

maximum position error is about 34.5 10 m−×  as shown in Figure 7-24 (b). The 

corresponding tension profiles of cables shown in Figure 7-24 (c) are always positive and 

controlled at larger magnitude than in Figure 7-23 (b) in order to achieve the desired task 

space stiffness of the end-efftor. In Figure 7-24 (d-f), we can see the lower bound 

stiffness of all directions is at the desired value 50 /N m . As the result of that, necessary 

resorting force is generated to compensate disturbance in certain level. 

 

(a) (b) 
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(c) (d) 

(e) (f) 

Figure 7-24 Straight Line Tracking under disturbance 2 with LBSC with Case B 

7.4 Discussion 

The results verify that the control schemes developed in Chapter 4 and Chapter 5 

are capable of achieving combinations of our goals: 1. Trajectory tracking 2. Optimal 

cable force distribution 3. Active (task space) stiffness control. Specifically, trajectory 

tracking with optimal cable force distribution in the form of minimal energy/force 

consumption or active task space stiffness control. Critical conclusions of the simulation 

results can be summarized as follows 

1. Trajectory tacking nonlinear controller based on feedback linearization technique 

provides good system performance to cable robots in different complication level. 

2. Actuation redundancy provides feasible solution to address the control input 

constraint issue (in our case, positive tension force exerting by cables) in the control 

of cable robot system. Moreover, it provides flexibility and usability in the context of 

optimal cable force distribution and task space stiffness specification and adjustment. 
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3. CCT based task space stiffness mapping method [70] provides insight and complete 

to the understanding of relationship between redundant actuation forces and task 

space stiffness, which is redundant actuation forces will not generate effective work 

in task space, but it can generate and change task space stiffness of the system. 

Simulation results shown in Section 7.2 verify this assumption – larger task space 

stiffness can be achieved by higher level of redundant actuation forces in magnitude. 

Moreover, stiffness in rotational direction is harder to realize: as shown in Figure 

7-12 and Figure 7-14, much larger stiffness in transitional direction is generated to 

obtain desired stiffness in rotational direction, as the results of that, much larger cable 

input force is required, which would introduce exceptional high level of energy 

resulting in unstableness of the system.  

4. Disturbance-rejection issue in steady state can be effectively handled by means of 

active task space stiffness control, through the effect of restoring force in term of 

position error. 
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8 Conclusions and Future Work 

8.1 Summary  

In this work, the design and implementation of several cable robot systems along 

with some control schemes are proposed to address trajectory tracking and disturbance-

rejection issue. Trajectory tracking is achieved by a feedback linearization controller in 

dynamics level of cable robot. Moreover, new control approaches based on actuation 

redundancy are proposed to achieve: 1. optimal force distribution or 2. desired end 

effector Cartesian/task space stiffness (or can be called active stiffness control). In the 

optimal force distribution, the goal is to achieve minimal energy consumption needed to 

achieve desire performance or tasks. In other words, minimal control forces combination 

exerted among cables. Based on the criteria, optimization schemes are formulized in the 

context of null space control introduced by actuation redundancy. In active stiffness 

control issue, Relationship between joint space stiffness, configuration, cable actuation 

and work/task space stiffness is studied and formulated based CCT stiffness mapping. 

Studies of effectiveness of stiffness control on disturbance force compensation are 

performed. The technical significance of the control output compensation for feedback 

controller by such stiffness control scheme which directly generates corresponding 

restoring forces immediately responding to unexpected disturbances is pointed out.  

8.2 Future Work  

Hardware-in-the-loop (HIL) Testing: A Cable Robot Based Aerial Vehicle Simulator 
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Over the past decade, in field of field robotics research such as autonomous air 

vehicles, most of the engineering problems have been overcome, including for example 

vibration isolation for sensing pods and the design of a low-cost inertial sensing unit. 

However, when it comes to experimenting with physical prototype of such system, 

researches are still facing research productivity issues, which are mainly from the time 

and cost involved in the development and reliability of the test bed. For example, failures 

from testing with physical prototypes of such system are usually unpredictable and 

catastrophic, so most of them lead to inevitable repair or rebuild expenses.  

Being able to provide an excellent range of motion and provide good position 

control and risk-free test environment, a cable robot based air vehicle simulator is found 

to be the excellent hardware-in-the-loop test bed before final experimentation on a free-

flying vehicle in field of field robotics research.  

Thus, our future work is to continue on: 1) hardware development of a cable robot 

based air vehicle simulator, 2) realization and verification of control purpose and 

algorithms proposed in this work. Improvements and new approaches might be necessary 

while taking into account the factors like computer computational efficiency, cable 

physical properties, motor-spool-pulley mechanism, etc. 
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