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ABSTRACT 

Development of a Two-Wheel Inverted Pendulum and a Cable Climbing Robot 

Mikail S. Arani 

The research work in this thesis constitutes two parts: one is the development and control of a  

Two-wheel inverted pendulum (TWIP) robot and the other is the design and manufacturing of a 

cable climbing robot (CCR) for suspension bridge inspection. The first part of this research 

investigates a sliding mode controller for self-balancing and stabilizing a two-wheel inverted 

pendulum (TWIP) robot. The TWIP robot is constructed by using two DC gear motors with a high-

resolution encoder and zero backlashes, but with friction. It is a highly nonlinear and unstable 

system, which poses challenges for controller design. In this study, a dynamic mathematical model 

is built using the Lagrangian function method. And a sliding mode controller (SMC) is proposed 

for auto-balancing and yaw rotation. A gyro and an accelerometer are adopted to measure the pitch 

angle and pitch rate. The effect on the sensorôs installation location is analyzed and compensated, 

and the precision of the pose estimation is improved accordingly. A comparison of the proposed 

SMC controller with a proportional-integral-derivative (PID) controller and state feedback 

controller (SFC) with linear quadratic regulation (LQR) has been conducted. The simulation and 

experimental test results demonstrate the SMC controller outperforms the PID controller and SFC 

in terms of transient performance and disturbance rejection ability. 

In the second part of the research, a wheel-based cable climbing robotic system which can climb 

up and down the cylindrical cables for the inspection of the suspension bridges is designed and 

manufactured. Firstly, a rubber track climbing mechanism is designed to generate enough adhesion 

force for the robot to stick to the surface of a cable and the driving force for the robot to climb up 

and down the cable, while not too big to damage the cable. The climbing system includes chains 

and sprockets driven by the DC motors and adhesion system. The unique design of the adhesion 

mechanism lies in that it can maintain the adhesion force even when the power is lost while the 

system works as a suspension mechanism. Finally, a safe-landing mechanism is developed to 

guarantee the safety of the robot during inspection operations on cables. The robot has been fully 

tested in the inspection of Xili bridge, Guangzhou, P.R. China. 
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CHAPTER 1    INTRODUCTION  

1.1 Two-wheel inverted pendulum robot development 

In recent years, self-balancing robots have attracted increasing attention in both industry and 

academia, since the design and implementation of control algorithms become more achievable 

with the rapid development of microcontrollers. Two-wheeled inverted pendulum (TWIP) robots 

have become more and more popular due to its lightweight, small footprint, rapid rotation, and 

high maneuverability. One of the applications of using these robots can be a service robot platform 

like Segway. However, the inherent instability and nonlinearity of the TWIP require a 

sophisticated control scheme. 

PID is a commonly used non-model-based control method for a self-balancing robot, as there 

is no need to build the mathematics model. The three parameters can be tuned by trial and error or 

by experience. Although PID owns some robustness to disturbance and uncertainties to a certain 

extent, it cannot handle the sudden, large disturbance and modeling error [1]. Moreover, it is not a 

trivial task to obtain the optimized gains of a PID controller. To improve the performance of the 

controller, some advanced model-based controllers are needed to deal with the large disturbance 

and uncertainties.  

Controlling the TWIP robot has recently been eased by introducing fuzzy logic and neural 

networks as the soft computing techniques [2, 3]. To illustrate, two fuzzy controllers have been 

designed for an inverted pendulum subjected to disturbance, as well as an artificial neural network-

based real-time switching dynamic controller, which has been designed to solve the balancing 

problem on various loose surfaces such as sand, pebble, and soil [4]. The software has been 

developed by C++ as a visual robot interface to allow the required changes in parameters. 

This TWIP's model-based control was proposed to address nonlinearity and disturbance. This 

approach in practical systems is the state feedback controller with optimized control gains. A linear 

SFC was designed based on a linear model that requires very accurate dynamic robot models. This 
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optimized SFC can, therefore, work within a certain range of operations and cannot manage system 

uncertainty.  When changing the operating point, the control gains must be re-tuned to stabilize 

the robot, which is not very practical in operation. Due to the non-linearity of the system, linear 

controllers such as PID and state feedback controllers do not react efficiently, it has been focused 

on designing non-linear controllers such as robust feedback, backstepping, feedback linearization 

and sliding mode controllers (SMC) to provide an effective reaction to uncertainties and 

disturbance. 

SMC is considered to have good robustness in modeling uncertainties and disturbance among 

these nonlinear controllers. It can manage the nonlinear unstable system with simple 

implementation, parameter variation insensitivity, and rapid response independence of external 

disturbance. Due to the facts mentioned above, in the current study, the SMC controller has been 

designed based on the TWIP linear dynamic model with 2-degree-of-freedom (DoF) and has been 

tested in the real robot. 

An SMC controller is designed and implemented on a TWIP robot in this research. Firstly, 

using the Lagrangian function method, a 3-DoF dynamic model of a customer-built TWIP robot 

is derived. The robot consists of two gear DC motors that drive two wheels, one structure one 

battery, sensors, and one controller. It is a system that is highly nonlinear and unstable.  

Then an SMC with easy implementation is designed to balance and stabilize the robot based on 

the built nonlinear model. Simulation tests are conducted to compare the proposed SMC with a 

PID controller and an LQR (linear quadratic regulator) tuned state feedback controller (SFC). 

 

1.2 Cable inspection and cable climbing robot (CCR) development 

In the past decade, researchers have endeavored to make fully autonomous and intelligent cable 

climbing robots equipped with necessary sensors for inspection, aiming at making a cable climbing 

mechanism with obstacle avoidance capability to pass the rope equipment and bumps [5]. Also, 

researches have been done to devise a durable power supply method for the long cable inspection 

robots to make them sufficiently durable to perform inspection over long distances of vertical and 

horizontal without interruptions [18]. Inspection data quality enhancement has been another 

challenging issue in this field due to the fact that swinging of the inspection robot in windy climates 



 

3 

 

and even sometimes makes the captured images of the cable blurry during the navigation. The 

blurred images serve as the main inspection data for cable status evaluation [19]. These undesirable 

vibrations also make some problems in the robotôs navigation, which mainly relies on a vision 

system, in most of the proposed designs. The robotôs mechanical mechanism, as a main part of the 

robot design, may significantly affect other issues in the whole design process, such as energy 

consumption and inspection data quality [20]. Hence, this chapter aims to review some of the main 

efforts made over the past ten years in cable-climbing mechanism design for bridge cables 

inspection to provide a basis for future designs and developments in this field [21].  

Over the last decade, climbing robots have become more and more important in many 

applications and posed a challenge to the robotics community. Starting with simple systems 

equipped with adhesion mechanisms like electromagnets, suction cups, or slide-rails, the difficulty 

of designing these robots has grown with their ability to handle different surfaces and in 

performing faster or more accurate navigation [22]. At the very beginning of climbing robot 

research, these systems have been designed to fit exactly one application or objective like a bridge 

steel cable or a PE cable. This limitation has decreased due to new locomotion types and adhesion 

mechanisms during the last years. At this point, climbing robots are considered to support 

inspection, maintenance, and construction tasks. In fact, they are helpful if they are able to perform 

the designated tasks more effectively and more accurate than the existing approaches. Especially 

for those tasks, which are dangerous for human beings, this safety aspect is of importance [23]. 

The common applications for such systems that are dangerous for humans are inspections of 

nuclear power stations (e.g., leakage detection, measurement of wall thickness or analysis of 

welding seams) and inspections of tanks and pipelines in the chemical industry. Furthermore, 

climbing robots are used to paint, coat, or clean the facades of buildings, or to perform welding 

tasks in the shipping industry, or to clean and inspect airplane wings and wind turbines. The 

climbing robots can be found in Figure 1-1 to depict some of the mentioned areas. 
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The major difficulty of the climbing robots lies in generating driving force against gravity.   

Some robots use well-known and reliable adhesion techniques like magnets or grips to generate 

the force. For instance, such robots can be found in applications such as the ship industry or the 

inspections of planes, petrochemical tanks, or other steel surfaces. The exceptions are those 

systems whose adhesion principle (e.g., thermal glue) is still the focus of research. Although there 

exists a wide range of different systems, only a few climbing robots have been brought to 

commercial applications [24]. In this project, the research objective is to design and manufacture 

a wheel-based cable climbing robotic system which can climb up and down the cylindrical cables 

for the inspection of the suspension bridges. 

 

1.3 Contribution  

In this thesis, two robots are built and controlled: a Two-Wheel Inverted Pendulum (TWIP) 

robot and a Cable Climbing Robot (CCR). 

The TWIP robot is developed and controlled by three controllers SMC, PID controller, and 

SFC. These controllers are compared according to their performance in regards to balancing and 

steering the movement of the TWIP system.  The dynamic model of the TWIP is established by 

using the physic principles.  A model-based SMC controller has been designed to have a better 

transient performance in stabilizing the TWIP robot than PID controller and SFC controller. A 

book chapter in Springer Book, 2019 [25] and a paper in The Canadian Society for Mechanical 

Engineering International Congress, 2019 [26] are published based on this research.  

 Supported by Guangdong Chengxin Highway (GCH),  a cable climbing robot (CCR) has been 

designed and manufactured with an extremely stable structure that is capable of carrying over 10 

kg of inspection and repairing equipment. PID controllers have been developed for the DC motors 

a b c 

FIGURE 1-1 THREE TYPES OF CABLES: A) REGULAR CABLE1, B) CABLE WOUND WITH A SPIRAL 

WIRE2, AND C) DIMPLED CABLE3 
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to drive the robot. The robot features the wheel-driven mechanism, adjustable clamping, and novel 

adhesion design.  To the best of authorôs knowledge, it is the first CCR capable of inspecting all 

regular bridge cables between 100 mm-300 mm diameters. 

 

1.4 Organization of the thesis 

The thesis is organized as follows. Chapter 2 briefly reviews the control strategies of the TWIP 

robot, and the current cable climbing robots are given. In Chapter 3, a 3-DOF dynamic model of 

the TWIP robot has been built, and three controllers- PID, SFC, and SMC are designed. Chapter 

4 presents the detailed design of the CCR. In Chapter 5, both simulation and experimental results 

on the controllers for TWIP are presented. Chapter 6 presents the experimental tests of the designed 

CCR. In Chapter 7, the conclusion and future works on both TWIP and CCR are given.  
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CHAPTER 2    LITERATURE REVIEW  

2.1 Control of two-wheel inverted pendulum 

Recently, soft computing techniques such as fuzzy logic and neural networks have been used 

to control TWIP robot [2, 3]. Two fuzzy controllers based on Mamdani and Takagi-Sugeno are 

designed for an inverted pendulum subjected to disturbance. Moreover, an artificial neural 

network-based real-time switching dynamic controller is designed to solve the balancing problem 

on various loose surfaces such as sand, pebble, and soil [4]. A visual robot control interface is 

developed in C++ software development environment so that robot controller parameters can be 

changed as desired. 

Newly, the model-based control of TWIP has been proposed to deal with the nonlinearity and 

disturbance. The State Feedback Controller (SFC) with optimized control gains is one of the most 

used methods in practical systems [5]. Gans and Hutchinson designed a linear SFC based on the 

linearized model, which needs very accurate dynamic models of the robots [6]. Hence, the 

optimized SFC can only work in a certain operating range and cannot deal with system uncertainty. 

When the operating point is changed, the control gains have to be re-tuned in order to stabilize the 

robot, which is not very practical in operation [7]. Due to the nonlinearity of the systems, the linear 

controllers such as PID and state feedback controllers do not react efficiently, therefore, some 

researchers concentrate on the design of nonlinear controllers such as robust feedback [8], 

backstepping [9], feedback linearization [10, 11] and sliding mode controllers (SMC) [12, 13] to 

provide effective reaction to the uncertainties and disturbance for TWIP robots. All these 

mentioned controllers are only validated through simulation, and no experimental tests of these 

controllers have been carried out on real TWIP robots [8]- [13].  

Among these nonlinear controllers, SMC is known to have good robustness to model 

uncertainties and disturbance. It can deal with the nonlinear unstable system with easy 

implementation, insensitivity to parameters variation, and quick response independence of external 

disturbances. SMC has been successfully used for controlling the TWIP robot. In [14, 15, 16], the 

SMC controllers are designed based on two degrees [14] of freedom (DoF) linear dynamic model 

of TWIP and are tested in the real robots. In [3], the authors design a backstepping sliding mode 

controller for a TWIP robot and validate the trajectory tracking performance in a real TWIP. 
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However, the control design combines the backstepping and sliding mode controller and focuses 

on trajectory tracking. The combination increases the complexity of implementation on the real 

robots, and the robustness of the controller has not been demonstrated. The goal of the current 

study is to provide an effective SMC control design, which is easy for implementation on a real 

robot and has good robustness for dealing with uncertainties and sudden disturbance.  

 

2.2 Cable climbing robot 

2.2.1 GCH cable climbing robot background 

In the past few years, GCH has been developing a series of CCRs ranging from inspector robots 

to manual controlled robots.  The first generation of  GCH CCR is shown in Figure 2-1. The robot 

weighs 70 kg and is powered by AC supply. The dimension of the robotics is too large to be fit 

through the smaller areas of the hunger space, which are becoming more common in the suspension 

bridge. The company is looking for a lighter and smaller CCR powered by battery, which is the 

main objective of this project.  

 

FIGURE 2-1 FIRST GENERATION OF  TELE-OPERATED ROBOT 
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2.2.2 CCR platforms review 

This part of the thesis summarizes five commercially available cable climbing robots. A bridge 

cable inspection robot is a prototype of a portable cable climbing robots developed by Seoul 

University shown in  Figure 2-2 [25]. This robot uses two powerful dc motors and a strong 

aluminum simple structure. The payload of the CCR is 10 kilograms. The second prototype is a 

caterpillar-based cable climbing robot shown in Figure 2-3 [26]. It is a robot for vertical hanger 

cables in suspension bridges that is powered by three dc motors and is designed with three 

pantograph mechanisms. This robot is made of aluminum alloy and has made more room for 

cameras and sensors. Also, the robot is equipped with a self-locking mechanism. The third robot 

is Versatrax MicroClimber shown in Figure 2-4. It is a commercial robot that is designed and sold 

to the inspection industries by the Inuktun company. This robot is a unique remotely operated 

robot designed to climb on almost any inclined or vertical cylindrical structure such as suspension 

and cable-stayed bridges. Another robot that has been studied is MRC2IN-II , shown in Figure 2-5 

[27]. This robot is designed and made by the Korea Ministry of Land, Transportation Maritime 

Affairs (MLTM). The robot is powered by two dc motors and is designed with two pantograph 

mechanisms for climbing. Also, the robot can be equipped with four cameras for inspecting cables. 

The last robot that has been studied is the bio-inspired climbing robot developed by the Chinese 

University of Hong Kong as shown in Figure 2-6 [28]. Three linear actuators and six gripers have 

been designed and used in the robot. The robot is a prototype of climbing mechanisms study. Also, 

this robot is made just for Cable-stayed bridges. Versatrax MicroClimber entered in the market as 

a commercial robot since 2018, and Caterpillar-based Cable Climbing Robot came second.  

The Seoul University cable climber robot was developed for cable-suspension bridges and 

cable-stayed bridges. The design of the robot and performance of the system with the cable are 

discussed in Table 2-1. This bridge cable inspection robot has been made as a research project. 

 



 

9 

 

 

FIGURE 2-2 BRIDGE CABLE INSPECTION ROBOT- RESEARCH PROJECT 

 

TABLE 2-1 SPECIFICATIONS OF THE SEOUL UNIVERSITY CABLE CLIMBER ROBOT 

Description Unit  Parameters 

Mass kg 24~27 

Operating time min 60 

Applicable cable diameters mm 90~300 

Climbing speed m/s 0.05~8 

Effective operating range m 500 

Applicable payload Kg 5 

Obstacle range possible to climb mm 10 

Max stall current A 12 

Operating voltage V 12 

Gear ratio RPM n=120:1 

Inspection distance m 200-600 

Bridge type Suspension and cable-stayed bridge 

Korea Ministry of land, infrastructure, and transport 
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The Caterpillar is a cable climbing robot that has been made as a research project for a super 

long-span bridge by the Korea Ministry of land, transportation maritime affairs (MLTM) R&D 

center. This robot has been tested in real environments after sufficient experiments under an indoor 

environment composed of real hanger rope. The design of the robot and performance of the system 

with the cable are discussed in Table 2-2. 

 
FIGURE 2-3 CATERPILLAR-BASED CABLE CLIMBING ROBOT 
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TABLE 2-2 SPECIFICATIONS OF CATERPILLAR-BASED CABLE CLIMBING ROBOT 

Description Unit  Parameters 

Mass kg 30 

Operating time min 60 

Applicable cable diameters mm 50~90 

Climbing speed m/s 0.035~0.08 

Effective operating range m 650 

Applicable payload Kg 5 

Obstacle range possible to climb mm 5 

Max stall current A n/a 

Operating voltage V n/a 

Gear ratio RPM n/a 

Inspection distance m 100-800 

Bridge type Suspension and cable-stayed bridge 

Future robotics technology center supported by Korea Ministry of land, 

transportation maritime affairs (MLTM)  

 

Versatrax MicroClimber has been made as a commercial project by Inuktun Services Ltd. BC. 

Canada. The Versatrax MicroClimber robot is a unique remotely operated robot designed to climb 

on almost any inclined or vertical cylindrical structure. The vehicle is capable of crawling on 

cables, pipe, rope, or guy-wires while performing a variety of tasks. The design of the robot and 

performance of the system with the cable are discussed in Table 2-3. 
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FIGURE 2-4 VERSATRAX MICROCLIMBER ï COMMERCIAL (INUKTUN CO.) 

 

TABLE 2-3 SPECIFICATIONS OF THE VERSATRAX MICROCLIMBER ROBOT 

Description Unit  Parameters 

Mass kg 45 

Operating time min n/a 

Applicable cable diameters mm 150~250 

Climbing speed m/s 2~4 

Effective operating range m 50-500 

Applicable payload Kg n/a 

Obstacle range possible to climb mm n/a 

Max stall current A n/a 

Operating voltage V n/a 

Gear ratio RPM n/a 

Inspection distance m 100-400 

Bridge type Suspension and cable-stayed bridge 

Versatrax Micro climber Inuktun in command robotics LLC 
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MRC2IN-II robot has been made and developed for a super long-span bridge by Korea ministry 

of land, transportation maritime affairs (MLTM) R&D center.  This robot has been tested in real 

environments after sufficient experiments under an indoor environment composed of real hanger 

rope. The design of the robot and performance of the system with the cable are discussed in Table 

2-4. 

 

 

FIGURE 2-5 MRC2IN-II  
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TABLE 2-4 SPECIFICATIONS OF MRC2IN-II  

Description Unit  Parameters 

Mass kg 26.2~30 

Operating time min 60 

Applicable cable diameters mm 40~90 

Climbing speed m/s 0.06~0.08 

Effective operating range m 50 

Applicable payload Kg n/a 

Obstacle range possible to climb mm n/a 

Max stall current A n/a 

Operating voltage V 12 

Gear ratio RPM n/a 

Inspection distance m 50-300 

Bridge type Suspension and Cable-stayed bridge 

Korea Ministry of land, transportation maritime affairs 

 

CCR has been made as a research project and developed for a super long-span bridge by the 

Chinese University of Hong Kong, Shenzhen. Traveling along a cable with some obstacles or a 

small range of curvature requires at least three degrees of freedom. Thus, a mechanism with three 

degrees of freedom has been designed and developed for climbing a cable. The university used the 

results from kinematics and static mechanical analysis, and the detailed mechanical design has 

been obtained and worked efýciently. The design of the robot and performance of the system with 

the cable are discussed in Table 2-5. 
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FIGURE 2-6 CCROBOT 

 

TABLE 2-5 SPECIFICATION OF CCROBOT 

Description Unit  Parameters 

Mass kg 15 

Operating time min 30 

Applicable cable diameters mm 40~90 

Climbing speed m/s ~0.05 

Effective operating range m 50 

Applicable payload Kg 15 

Obstacle range possible to climb mm 5 

Max stall current A n/a 

Operating voltage V n/a 

Gear ratio RPM n/a 

Inspection distance m 50-300 

Bridge type Cable-stayed bridge 

The Chinese University of Hong Kong Shenzhen 
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2.3 Summary 

The GCH CCR has a simple and reliable platform, but it is not a portable CCR and it cannot 

climb up more than 40 meters. The Seoul University Bridge Cable Inspection Robot is another 

CCR that is not easy to be mounted on the cables and confronts swinging issue while climing up. 

Caterpillar-based cable climbing robot cannot climb up smoothly and is not portable. Versatrax 

Micro Climber platform is a reliable CCR but its operating time is limited to 30 minutes. Also, its 

adjustability in regards to cable diameters is limited. MRC2IN-II is a reliable robot, however, it is 

not a portable CCR and has the swing problem while climbing up. CCROBOT is not a reliable 

CCR, unable to climb up smoothly and it not abale to adjust itself for vast size range of cables 

diameters.  

The comparison among the 5 CCRs mentioned above shows that even though the robots have 

been designed and made for different types and sizes of cable, each of them has it own drawbacks. 

Also, these robots have been made with different mechanisms depending on the purpose of 

inspection.  The market is still lacking an efficient climbing robot that can climb vertical or long 

slender cables (up to 1km) with high speed (8m/s). The robot is portable and is easy to be mounted 

on the cable. 
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CHAPTER 3    DEVELOPMENT OF A  TWIP  

In this chapter, the modeling and control of a TWIP are specified. 

3.1 Dynamics modeling of a two-wheel inverted pendulum 

The TWIP robot is built in our lab to serve as a test platform for various controllers. In order to 

control this type of unstable robot effectively, the first step is to model the robotôs dynamic 

behavior in the yaw and pitch motions. The schematic diagram of the TWIP robot is shown in 

Figure 3-1, and the parametersô description is provided in   
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Table 3-1. 
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FIGURE 3-1 SCHEMATIC DIAGRAM OF THE TWIP ROBOT 

 

The dynamic model of the robot is built based on the Lagrangian function method [29]. 

Equation 3-1 presents Lagrangian, where L1, L2, and B are translation kinematic energy, rotational 

kinematic energy, and potential energy, respectively. 

, , , "                                                                                       (3-1) 
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TABLE 3-1 PARAMETERS OF TWO WHEELED INVERTED PENDULUM 

Parameters Unit  Description Parameters Unit  Description 

W=0.242 m Body Width *
-,

ς
 kgm2 

Body pitch inertia 

moment 

M=1.047 kg Body Mass 

*

-7 $

ρς
 

kgm2 
Body yaw inertia 

moment 

m=0.118 kg Wheels mass Rm=1.900 Ý 
DC motor 

resistance 

R=0.060 m 
Diameter of 

wheel 
Kt=13.400 

mNm/

A 

DC motor torque 

constant 

g=9.810 m/s2 Gravity 

acceleration 
Kb=1.400 mv/rpm 

DC motor back 

E.M.F constant 

L=0.030 m 

Distance 

between the 

center of the 

mass and the 

Wheel axle 

fm= 0.0022  

The friction 

coefficient between 

body and DC 

motor 

D=0.050 m Body Depth ʃȟʕȟה rad 

Rotary angle of the 

wheel, pitch angle 

and yaw angle of 

the robot 

n=64:1 - Gear ratio l, r, b - 

Subscripts 

indicating left or 

right wheels and 

the robot body, 

respectively 

*
Í2

ς
 kgm2 Wheel inertia 

moment 
   

 

It is assumed that the robot has 3 degrees of freedom (DoFs). The generalized variables of the 

robot are the angle of the wheel (ɗ), pitch angle (◖), and yaw angle (ɣ) [29]. According to the robot 

dynamics, the translational and rotational kinetic energies are described as follows (Equations 3-

2): 

ὒ άὼ ώ άὼ ώ ὓὼ ώ ᾀ     (3-2) 

ὒ ὐ— ὐ— ὐ‪ ὐ‰ ὲὐ — ‪ ὲὐ — ‪   (3-3) 

ὒ ὒ     (3-4) 
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ὄ ὓὫᾀ     (3-5) 

The Lagrangian equations (3-6, 3-8) are: 

Ὂ Ὂ      (3-6) 

Ὂ Ὂ     (3-7) 

Ὂ Ὂ      (3-8) 

where, Fl and Fr are the torques on the left and right wheels, respectively. Moreover, they could 

be defined as (3-9) and (3-10): 

Ὂ ὲὑὭ     (3-9) 

Ὂ ὲὑὭ     (3-10) 

By substituting the kinetic and potential energies in the Lagrangian equations, the equations of 

motion are as follows:  

ςά ὓὙ ςὐ ςὲὐ — ὓὙὒὧέί‪ςὲὐ ‪ ὓὒὙ‪ίὭὲ‪Ὂ  (3-11) 

ὓὙὒὧέί‪ςὲὐ — ὓὒ ὐ ςὲὐ ‪ ὓὫὒίὭὲ‪ὓὒ‰ ίὭὲ‪ ὧέί‪Ὂ  

     (3-12) 

άὡ ὐ ὐ ὲὐ ὓὒÓÉÎ‪ ‰ ςὓὒ‪‰ ίὭὲ‪ ὧέί‪Ὂ   (3-13) 

The external forces can be presented as equations 3-14, 3-16: 

Ὂ ὺ ὺ ς ‪ ς  —    (3-14) 

Ὂ ὺ ὺ ς ‪ ς —    (3-15) 

Ὂ ὺ ὺ ‰    (3-16) 

The equations mentioned above can be transformed into a nonlinear state-space equation, by 

defining (3-17): 

—ȟ—ȟ‪ȟ‪ȟ‰ȟ‰     (3-17) 

as the state variables (3-18): 

ὢ ὼȟὼȟὼȟὼȟὼȟὼ  —ȟ—ȟ‪ȟ‪ȟ‰ȟ‰     (3-18) 

Hence, the general form of the state space is given as equations 3-19, 3-22: 

ὓὼὼ Ὢὼ ό     (3-19) 

where: 
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ὓὼ

ụ
Ụ
Ụ
Ụ
Ụ
ợ
ρ π π π π π
ὓ ὓ ὓ ὓ π π
π π ρ π π π
ὓ ὓ ὓ ὓ π π
π π π π ρ π
π π π π ὓ ὓ Ứ

ủ
ủ
ủ
ủ
Ủ

    (3-20) 

Ὢὼ

ụ
Ụ
Ụ
Ụ
Ụ
ợ
Ὢ
Ὢ
Ὢ
Ὢ
Ὢ
ὪỨ
ủ
ủ
ủ
ủ
Ủ

ụ
Ụ
Ụ
Ụ
Ụ
ợ

ὼ

ὓὒὙὼÓÉÎὼ
ὼ

ὓὫὒÓÉÎὼ ὓὒὼÓÉÎὼÃÏÓὼ
ὼ

ςὓὒὼὼÓÉÎὼÃÏÓὼ Ứ
ủ
ủ
ủ
ủ
Ủ

    (3-21) 

ό

ụ
Ụ
Ụ
Ụ
Ụ
ợ
π
ό
π
ό
π
ό Ứ
ủ
ủ
ủ
ủ
Ủ

ụ
Ụ
Ụ
Ụ
Ụ
Ụ
Ụ
ợ
π π

π π

π π

Ứ
ủ
ủ
ủ
ủ
ủ
ủ
Ủ

ὺ
ὺ     (3-22) 

where u is the control input which is generated by the controllers in this study. 

 

3.2 Two-wheel inverted pendulum robot controller design 

This part of the research presents three control design methods for implementing planar turning 

motion of a two-wheeled inverted pendulum. The controls task requires that the inverted pendulum 

is kept stabilized during the whole turning motion process along a pre-settled track. 

 

3.2.1 Two-wheel inverted pendulum robot PID controller design 

To stabilize the two-wheel inverted pendulum, the proportional-integrator-derivative (PID) 

controllers are designed with the following transfer function: 

Ὃ ὑ ὑί       (3-23) 

Two PID controllers in parallel are designed. The first PID controller aims at regulating the 

body pitch angle. The second PID controller aims at regulating the angular position of the wheels 

[49, 50]. 
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There are two measurements of the angles from two different sources. The measurement from 

the accelerometer gets affected by sudden horizontal movements (it could be used to measure the 

Ɋ), and the measurement from the gyroscope gradually drifts away from the actual value (it could 

be used to measure ẽ). In other words, the accelerometer reading gets affected by short-duration 

signals, and the gyroscope reading is affected by long-duration signals. To stabilize the robot, two 

PID controllers work simultaneously to control pitch and wheel angles, which are measured by 

accelerometer and gyroscope, respectively.  

The PID controller is applied to the simulated model, which is presented in equation 3-23. 

Figure 3-2 is the block diagram of closed-loop position control for the TWIP. The parameters of 

the PID controllers are obtained by trial and error. The tuned parameters are given as in Table 3-2. 

 

PID 

Controller  (II)  

Two-wheel inverted 

pendulum  

Set point 

(xref) 
+ 

- 

Wheel angle 

Set point 

(xref) 

Pitch angle 

PID 

Controller  (I)  

+ 
- 

 

 

FIGURE 3-2 TWIP CLOSED-LOOP BLOCK DIAGRAM HAVING PID CONTROLLER 

 

TABLE 3-2 PID CONTROLLER PARAMETERS 

 KP K I  KD 

Ɋ 5.19 0.009 0.00045 

ẽ 5.50 0.00078 0.00025 

 

In Figure 3-2, ὼὶὩὪ represents the desired states, and we set ὼὶὩὪ=0 rad to stabilize the TWIP. 

 

3.2.2 SFC designed by LQR 

To stabilize the two-wheel inverted pendulum, the optimal SFC is designed using LQR. 

Equation 3-24 is the linear quadratic regulator objective function: 
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ὐ ᷿ ὼ ὸὗὼὸ ό ὸὙόὸὨὸ     (3-24) 

The optimal control input which minimizes the above objective function (3-25) is presented in 

equation 3-22: 

όὸ ὑὼὸ  ύὬὩὶὩ ὑ Ὑ ὄὖ    (3-25) 

Matrix P can be obtained by solving Riccati equation 3-26: 

ὃὖ ὖὃ ὖὄὙ ὄὖ ὅὅ π     (3-26) 

where A, B, and C are state-space matrices. Two optimal LQRs are designed for left and right DC 

motors.  There are two measurements of the angle from two different sources. The measurement 

from the accelerometer gets affected by sudden horizontal movements (it could be used to measure 

the ɣ), and the measurement from the gyroscope gradually drifts away from the actual value (it 

could be used to measure ɗ). In other words, the accelerometer reading gets affected by short-

duration signals, and the gyroscope reading is affected by long-duration signals. To stabilize the 

robot, two-state feedback controllers work simultaneously to control the states of DC motors.  

The state feedback controller is applied to the simulated model, which is presented in equation 3-

22. Figure 3-3 is the block diagram of closed-loop state control for the TWIP. The gains details 

are given as in Table 3-3. 

 

TABLE 3-3 SFC GAINS 

 ὯȟὯȟὯȟὯȟὯȟὯ  

Left motor  πȢχπχρȟπȢσπχψȟρρȢσωφφȟρȢφχωρȟπȢππππȟπȢςρρψ  
Right motor πȢχπχρȟπȢσπχψȟρρȢσωφφȟρȢφχωρȟπȢππππȟπȢςρρψ  

 

ὼὶὩὪ: represents the desired states, in this case, to stabilize the TWIP, the ὼὶὩὪ=0 rad (Figure 

3-3). 
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SFC for right 

DC motor 

Two-wheel inverted 

pendulum  

Set point 

(xref) 
+ 

- 

States 

Set point 

(xref) 

States SFC for left 

DC motor 

 

+ 
- 

 

 

FIGURE 3-3 TWIP CLOSED-LOOP BLOCK DIAGRAM WITH SFCS 

 

3.2.3 SMC 

As the yaw motion and self-balancing of the robot need to be controlled properly, a sliding 

mode control is proposed and designed to achieve self-balancing and stabilizing. Due to the 

systemôs nonlinearity and uncertainty, SFC could not precisely balance the pendulum and reject 

the large disturbance within a short period. Hence, the sliding mode controller is designed to handle 

the nonlinearity of the system using the sliding surface approach. 

The design of the wheel angle sliding mode controller is presented as follows: 

ί ὧ‪ ὧ‪     (3-27) 

ί ‐ίὭὫὲί      (3-28) 

ό

     (3-29) 

The design of the yaw motion sliding mode controller is presented as (3-30): 

ί ὧ‰ ὧ‰     (3-30) 

By substituting the equations to the robot dynamic, the second input can be calculated as (3-

31): 

ό Ὢ ‰ὓ ὧὓ     (3-31) 

where: 
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Ὢ ὓὒὙὼÓÉÎὼ     (3-32) 

Ὢ ὓὫὒÓÉÎὼ ὓὒὼÓÉÎὼÃÏÓὼ    (3-33) 

Ὢ ςὓὒὼὼÓÉÎὼÃÏÓὼ     (3-34) 

From equations 3-35 and 3-36, the inputs of left and right wheels are: 

ὺ ό ό     (3-35) 

ὺ ό ό     (3-36) 

Figure 3-4 depicts the block diagram of closed look position control with a sliding mode 

controller for the TWIP.  

Sliding Mode 

Controller  

Two-wheel inverted 

pendulum  

Set point 

 + 
- Pitch angle 

Pitch angle rate 

Set point 

 

Wheel angle 

Wheel angle rate 

+ 
- 

 

 

FIGURE 3-4 SMC BLOCK DIAGRAM FOR TWIP 

 

3.3 Summary 

In this chapter, the dynamic model of TWIP is built by using Lagrangian function method. 

Three controllersðPIC controller, SFC controller and SMC controllers have been designed 

based on the built model. The simulation and experimental tests on the developed controller will 

be carried out later.  
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CHAPTER 4    DEVELOPMENT OF A CCR 

The methodology of the cable climbing robot is detailed in the following sections. The 

development of the CCR in this research includes both mechanical and electrical systems design, 

analysis of design, robot controller design and robot programming and testing, etc.  

 

4.1 Development strategy 

To aid the development process, a workflow is shown in Figure 4-1. 

 

 

FIGURE 4-1 DEVELOPMENT PROCESS WORKFLOW 

 

4.2 Aims and objectives 

1. Design a new cable climbing robot:  

a. Design a high-performance climbing mechanism and adhesion mechanism with suspension 

features; 

b. Design the robot control system and train the operator.   
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2. Develop a small robot capable of inspecting for the difference between cable sizes 100 mm 

and 300 mm of hanger cables with the following core development aims:  

a. A modular architecture that allows the platform to be easily modified; 

b. Lightweight and deployable by one person; 

c. Reliable, and easily repairable; 

d. Own the defect determining and positioning system capability to aid the robot in becoming 

fully autonomous; 

e. Develop a high-speed adhesion scissor and lateral force support for smooth climbing with 

self-lock linear actuators; 

f. Long-term aim to allow future engineers to develop this robot into a commercial bridge cable 

climber robot. 

 

4.2.1 New modular robotic architecture 

A new modular robotic architecture is developed, describing the physical layout and 

connections between components. The main features with this modular approach were:  

¶ Fixed critical dimensions of the platform where the highest cost would be incurred during 

the modification;  

¶ Flexible structure allowing non-critical dimensions to be altered quickly;  

¶ A standard set of interchangeable components reducing complexity;  

¶ Future development time is reduced. 

The scope of this cable climbing robot project is to develop the smallest possible version of the 

platform with strong capabilities. 

 

4.3 High-level specification 

G.C.H company requirements are served as a base specification for the Cable Climbing Robot. 

It is decided to design and build a swift, small, modular, and lightweight robot to fit through the 

difference between cable sizes 100 mm and 300 mm of hanger cables, the most challenging part. 
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Developing a reliable lightweight robot under 50 kg would allow it to be deployed by a single 

operator. The design is split into four subsystems (Table 4-1). 

 

TABLE 4-1 SYSTEM DESIGN 

1. Chassis 

2. Drivetrain 3. Adhesion mechanism 4. Electronics & software 

a. Drivetrain 

mechanism 
a. Scissor mechanism a. Control electronics 

b. Climbing & self-

landing 

b. Self-locking & shock 

absorber 

b. Power electronics 

c. Computer software 

 

Table 4-2 details the high-level specification for the new design. 

 

TABLE 4-2 SPECIFICATION FOR THE CABLE CLIMBING ROBOT (ND: NOT DIRECTLY) 

ID Objective Description 

C
o

m
p

a
n

y
 

re
q

u
ir
e
m

e
n

ts
 

C
h

a
s
s
is 

D
ri
v
e

tr
a

in
 

m
e
c
h

a
n

is
m
 

C
lim

b
in

g
 &

 
se

lf
-

la
n

d
in

g
 

S
c
is

s
o

r m
e
c
h

a
n

is
m
 

S
e
lf-

L
o

c
k
in

g
 &

 

sh
o

c
k
 A

b
s
o

rb
e
r 

C
o

n
tr

o
l 

el
e

c
tr

o
n

ic
s 

P
o

w
e
r 
el

e
c
tr

o
n

ic
s 

C
o

m
p

u
te

r 
so

ft
w

a
re

 

1 
Control 

speed 

Control the climbing 

speed 

Yes 

 
 X X X X X X X 

2 
Crash 

avoider 

Using an ultrasonic 

sensor for avoiding a 

crash. 

ND 

 
 X    X X X 

3 
Coreless DC 

motor 

Customize a Faulhaber 

coreless DC motor with 

an encoder. 

ND 

 
 X X  X X X  

4 
Planetary 

gearbox 

Customize a Faulhaber 

high torque planetary 

gear. 

ND 

 
 X X  X X   

5 

Chain and 

sprocket 

system 

Sprockets and chains 

are used for power 

transmission. 

ND 

 
X X X  X    

6 
Scissors 

mechanism 

A mechanism is used in 

devices such as lift 

tables and scissor lifts. 

ND 

 
X   X X    
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TABLE 4-3 SPECIFICATION FOR THE CABLE CLIMBING ROBOT (ND: NOT DIRECTLY- CONTINUED) 

ID Objective Description 
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7 
Pillow block 

bearings 

A pillow block is a 

pedestal used to 

provide support for 

rotating shaft with 

the help of 

compatible bearings 

& various 

accessories. 

ND 

 
X X X      

8 
Data 

transistor 

The wireless data 

received by an XBee 

module is included 

in a received packet 

frame along with the 

remote transmitter 

and options for 

receipt. 

ND 

 
     X X X 

9 Suspension 

Suspension springs 

cushion cable 

surface unevenness 

and ensure that the 

urethane wheels 

always maintain 

reliable contact with 

the surface. 

ND 

 
X X X      

10 
Autonomous 

control 

Climbing and 

information have 

auto-drive keys and 

cameras. 

ND 

 
 X    X X X 

11 

Distance 

viewer 

software 

Have a single panel 

on a monitor for 

observing the 

distance. 

Yes      X X X 

12 

COM is close 

to the canter 

of cable 

Centre of mass is 

close to the canter of 

cable to help with 

inclines. 

ND 

 
X        
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TABLE 4-4 SPECIFICATION FOR THE CABLE CLIMBING ROBOT (ND: NOT DIRECTLY- CONTINUED) 

ID Objective Description 
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13 
Protected 

batteries 

Must be housed, so 

potential damage is 

reduced. 

Yes X        

14 
Easy access 

& replace 

Must take <60 seconds 

to access & swap 

batteries. 

ND 

 
X      X  

15 
Battery 

monitor 

Must provide a cell 

voltage level to the 

operator. 

Yes   X   X X  

16 Powerboard 

Provide all systems 

with correct voltage & 

power. 

Yes   X    
X

X 
X 

17 
Emergency 

stop 

Have an E-Stop which 

cuts power to motors. 

ND 

 
     X X X 

18 
Camera 

controller 

There is enough power 

supply cable and space 

to add the online 

stream. 

Yes      X X X 

19 
Urethane 

wheel 

Urethane wheels are 

used for fast movement 

on stay cables. 

ND 

 
 X       

20 
Linear 

actuator 

Use a linear actuator for 

each scissor 

mechanism. 

ND 

 
     X X X 

21 
Hexagonal 

body 

It must be small enough 

to fit through cables 

ND 

 
X        

22 
Wireless 

range 

Must have ~600 meters 

wireless range outdoors 
Yes      X X X 

23 

65~70 

Minutes 

power 

Must endure 30 minutes 

inspection rounds 
Yes      X X X 
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4.4 Chassis of CCR 

The primary function of the chassis is to store and protect internal components and to provide 

a platform to mount and integrate the robotôs subsystems. 

 

4.4.1 Chassis development strategy 

Figure 4-2 describes the development strategy of the chassis. 

 

FIGURE 4-2 CHASSIS DEVELOPMENT STRATEGY 

 

4.4.2 Specification 

Table 4-5 details the chassis and shell specification developed from the aims and objectives, 

original high-level specification (section 4.3), and GCH Co. Ltd requirements. 
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TABLE 4-5 CHASSIS AND STRUCTURE SPECIFICATION 

ID Constraint Description 

1 Modular 

architecture  

Develop a core modular architecture that will allow the robotic 

platform to be easily modified or upgraded by future engineer 

developers in the company.  

2 Cost  Chassis components must be low cost. 

3 Repair and 

maintenance  

Easy to repair and maintain. The design should consider ease of 

assembly/ disassembly and ease of access.  

4 Durability  

 

Must be able to withstand the transfer of kinetic energy from 

collisions.  

Must prevent debris from getting in the chassis where possible. 

Must protect internal systems from damage.  

5 Mass  The robot must be deployable by one person (37 kg max.).  

There must be an even distribution of mass within the chassis. Low 

CoG to improve mobility when climbing incline cables. 

6 Size  Must fit all electronics, gearboxes, motors, etc. Combined with the 

adhesion and drivetrain, it must fit through small cable obstacles. 

7 Systems 

integration  

Must account for the fixed dimensions required for the drive train. 

Must integrate with the scissors module and allow space for 

adhesion mechanisms electronics. Must store and protect 

electronic components. Must safely store the battery and allow for 

easy access. Some components must be insulated from conductive 

materials.  

8 Load resistance  Must be able to withstand a fall from 150 mm. Must take the load 

of mounting and unmounting. Must be resistant to loads generated 

within the drivetrain system. 

9 Ease of 

manufacture and 

assembly  

Taking account of the time constraints, chosen materials, and 

structures must be easily manufactured and assembled in the 

Concordia Robotic Lab. 

10 Material 

availability  

Materials must be readily available from local distributors.  



 

33 

 

4.4.3 Benchmarking 

Table 4-6 shows the design progression of the CCR chassisô over time (Figure 4-3, Figure 

4-8). 

TABLE 4-6 PREVIOUS CABLE CLIMBING ROBOT CHASSIS STRUCTURES 
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FIGURE 4-3 SIMPLE 

CCR 

Plate construction 

(Used CNC milling and 

lathe) 

N
/A

 

Bolted together using CAP 

screws, pockets removed 

where strength is not 

required saving mass. 

2
0

1
7-

1
7 

1
0 

m
m

 A
l 

 

 
FIGURE 4-4 CCR WITH 

EIGHT FLAT RUBBER 

WHEELS 

Plate construction 

(Used CNC milling, 

lathe, and laser cut) 

2
,6

0
0

 C
A

D
 

Adhesions could be easily 

replaced if damaged. 

Braces needed to be added 

to increase rigidity and 

reduce bending. 

2
0

1
7-

1
7 

1
5 

m
m

 A
l 

 

 
FIGURE 4-5 CCR WITH 

FOUR CURVE RUBBER 

WHEELS 

Plate construction 

(Used CNC milling, 

lathe, and laser cut) 

3
,9

0
0

 C
A

D
 

N/A 
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TABLE 4-7 PREVIOUS CABLE CLIMBING ROBOT CHASSIS STRUCTURES (CONTINUED) 
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FIGURE 4-6 CCR WITH 

THREE ADHESION 

MECHANISM 

Plate construction 

(Used CNC milling, 

lathe, and laser cut) 

5
,0

0
0

 C
A

D 

Side plate fitted across 

chassis to increase 

stiffness. Torsion bar had 

to be inserted after the 

robot landed on one of the 

front pulleys. 

2
0

1
8-

1
9 

3
 m

m
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FIGURE 4-7 CCR WITH 

THREE ADHESION 

MECHANISM CHAIN AND 

SPROCKET 

Plate construction 

(Used CNC milling, 

lathe, laser cut) 

5
,5

0
0

 C
A

D 

Adhesions mechanism 

horizontally fitted to 

increase the force between 

the robot and the cable. 

F
in

a
l 

3
 m

m
 A

l 

 

 

FIGURE 4-8 CCR WITH 

THREE ADHESION 

MECHANISM URETHANE 

WHEELS 

Structural space frame-

plate construction 

(Used CNC milling, 

lathe, laser cut, water 

jet cut) 

1
0

,3
0

0
 C

A
D 

Urethane wheels added for 

smooth climbing. A high-

performance chain added as a 

power transmitter. 
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CCR robots reviewed in section 2.2.2 and previous CCR designs (Table 4-6) indicate that the 

most common factors between designs are the materials used, predominantly aluminum, and the 

curved shape of the chassis, which aid mobility [30]. All previous designs are curved at the front 

and back to avoid catching and have control components outside of the shell. The cost is also 

increased over time. These factors are considered in the design process [31]. 

 

4.4.4 Development and justification of design 

4.4.4.1 Size 

The robotôs maximum chassis dimensions are found through geometric relationships (Equations 

4-1, 4-2, and 4-3) derived from two specification constraints Figure 4-9. 

 

FIGURE 4-9 ROBOT HEIGHT AND WIDTH DIMENSIONS (LEFT), MAXIMUM LENGTH BETWEEN 

CABLES (RIGHT) 
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For known hexagon size (K) and chosen robot width (F), the maximum robot height is given 

by equation 4-1. Safety distance (n) is calculated from a chosen value of cable distance (Z), 

equation 4-2. The maximum robot length (S) is calculated using equation 4-3. 

n= Safety distance        D= Cable diameter        C=Adhesion mechanism size  

Z=Cable distance          H= Cable angel             t= Body thickness 

ὑ Ὀ ςὸ ςὅ      (4-1) 

ὲ ὤ Ὀ      (4-2) 

Ὂ Ὓ ςὑ      (4-3)  

Table 4-8 details the maximum chassis dimensions calculated. 

 

TABLE 4-8 THE MAXIMUM CHASSIS DIMENSIONS 

ID Parameter Symbol Dimension 

1 Cable length L 10-500 m 

2 Cable angel H 35-90 degree 

3 Maximum robot width F 65 cm 

4 Maximum robot diagonal K 80 cm 

5 Cable diameter D 100-300 mm 

6 Best robot length S 67-85 cm 

7 The minimum distance between 

cables 

Z 32.5 cm 

8 Safety distance n 10-30 cm 

 

The final robot width and maximum length must take into account the tracks. The maximum 

height should account for the drivetrain system [32]. 

Table 4-9 details the maximum possible chassis dimensions and the chosen dimensions 

illustrated in Figure 4-10. 
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TABLE 4-9 THE MAXIMUM POSSIBLE CHASSIS DIMENSIONS AND THE CHOSEN DIMENSIONS 

Parameter Maximum 

(mm) 

Chosen 

(mm) 

Explanation 

Width  (w) 692.8 650 Minimized to reduce COG, 42.8 mm clearance 

was chosen to increase clearance while turning 

Length (L)  900 720 180 mm for more stability between chassis and 

rubber tracks 

Cable diameter 

(D) 

300 330 30 mm clearance was chosen to install the robot 

easil y 

 

 

FIGURE 4-10 FINAL CHASSIS DIMENSIONS 

 

4.4.4.2 Shape 

Two critical factors are used to determine the shape of the robot: 

1. Shape, size, and location of internal components. 

2. Collision avoidance and mobility. 
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Major internal components are approximated in Computer-Aided Design (CAD) software and 

assembled into an initial chassis design to assess whether the components would fit into the 

available package (Figure 4-11, Figure 4-12). Accurate components are then created in CAD 

(Figure 4-13, Figure 4-14). 

 
FIGURE 4-11 ROBOT HEXAGON FRAMES 

 
FIGURE 4-12 ELECTRONIC BOX AND 

ALUMINUM FRAME 

 
FIGURE 4-13 3D CAD FRAME OF 

ELECTRONIC BOX UP-SIDE 

 
FIGURE 4-14 3D CAD FRAME OF ELECTRONIC BOX 

DOWN-SIDE 

 

Although the robots listed in section 1.2 are curved front and backs to avoid collisions and 

improve mobility, this decreases the useable volume. This also increases manufacturing 

complexity and reduces the ease of modification. Due to these factors, a hexagon-shaped structure 

is selected [33]. 
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4.4.5 Materials selection 

 The specification led to the comparison of three aluminum variants and a lightweight, off-the-

shelf aluminum beam being chosen Misumi with a high strength to weight ratio. Misumi has an 

integrated construction technique using brackets that bolt inside the T-slot of the beam (Figure 

4-15, Figure 4-16). These rigid yet non-permanent fixings allow modification and provide easy 

assembly (Table 4-10). 

TABLE 4-10 ANALYSIS OF POSSIBLE CHASSIS MATERIALS 
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Sheet components  2 2 4 4 2 1 3 2.57 

Aluminum 2 3 1 3 2 5 5 3.00 

Misumi 4 4 4 4 5 4 4 4.14 

 

 

FIGURE 4-15 MISUMI PROFILE FIGURE 

 

 

FIGURE 4-16 MISUMI ANGLE BRACKET 

 

Misumiôs aluminum extrusions and accessories are larger and stronger, so it would allow a 

larger platform to be developed to meet different operational requirements. The objective is to 

build the smallest, highest capability model; however, Figure 4-17 shows how the size can be 

increased. 

*Misumi is the brand name for this range of extruded aluminum beam with T-Slots used for 

prototyping. 
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FIGURE 4-17 SCOPE FOR ADAPTING ALUMINUM EXTRUSIONS CHASSIS PLATFORM INTO LARGER 

SIZES 

 

4.4.6 Mounting systems 

Six load transfer points are established:  

12 x Pillow block bearing 

3 x DC gearbox motors 

3 x Linear actuators 

3 x Adhesion mechanisms  

Bespoke mounting plates are designed and manufactured for these (Figure 4-18). 
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FIGURE 4-18 CHASSIS MOUNTING POINTS 

 

To utilize off-the-shelf parts, standardize the fixings, and minimize cost, Misumiôs aluminum 

extrusions brackets (Figure 4-19) are used and modified where required (82% standard vs. 18% 

modified) [34]. 

 

 

FIGURE 4-19 MISUMI BRACKETS 
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Most of the components are mounted directly onto Misumiôs aluminum extrusions using the 

brackets, and the remaining components are mounted onto local brands. 

The housing for the electronics stuff is laser cut from 5 mm thickness plexiglass (Figure 4-20). 

This allows the removal of the control electronics along with the emergency landing system if they 

are not required. This aligns with the modularity objectives [35]. 

 

 

FIGURE 4-20 3D PRINTED BATTERY HOUSING - CAD IMAGE 

 

4.4.7 Final design 

CAD images (Figure 4-21, Figure 4-22) show various stages of completion of the final 

design. 
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FIGURE 4-21 FINAL CHASSIS DESIGN- RENDERED CAD IMAGE 

 

 

FIGURE 4-22 FINAL CHASSIS DESIGN WITH INTERNAL COMPONENTS - RENDERED CAD IMAGE 
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4.4.8 Manufacturing and assembly 

Table 4-11 details the manufacturing method of each part and justification. 

TABLE 4-11 CONSTRUCTION METHODS AND JUSTIFICATIONS 

Component Qty. 
Construction 

Method 
Comments 

Misumi brockets 12 
Band saw and 

milling 
Required perpendicular ends 

U-Shaped channels 14 Band saw and folded 
Save resources by using methods not 

requiring a technician 

Suspension guider 8 CNC milled  

The quickest method for the desired 

shape 

Scissor mechanism 

pins 
12 Saw and milling 

Save resources by using methods not 

requiring a technician 

Driveshafts 12 CNC milled 
The quickest method for the desired 

shape 

Aluminum profiles 14 Saw and folded 
Save resources by using methods not 

requiring a technician 

L-Shaped angles - 

mounting 
6 Water jet cut Outsourced to save in-house resources 

Flat aluminum extrusions 6 Band saw and folded 
Save resources by using methods not 

requiring a technician 

Aluminum extrusions - 

rectangular tubes 
12 Milled and drilled 

Save resources by using methods not 

requiring a technician 

Rotary shafts 10 Brand new Outsourced to save in-house resources 

Pillow type unit 12 Brand new Outsourced to save in-house resources 

Fit link chains 3 Brand new 
A complex part outsourced to save in-

house resources 

Sprocket 8 Brand new Outsourced to save in-house resources 

Control box 1 Laser cut Simplest manufacture method 

Strong spring TF 3 Brand new Outsourced to save in-house resources 



 

45 

 

4.5 Drivetrain  

A drivetrain is essential for a CCR robot to traverse the target terrain common in bridge cables.    

  

4.5.1 Drivetrain development strategy 

Figure 4-23 describes the development strategy of the drivetrain. 

 

FIGURE 4-23 DRIVETRAIN DEVELOPMENT STRATEGY 
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4.5.2 Drivetrain specification 

The significant constraints are presented in Table 4-12. 

TABLE 4-12 DRIVETRAIN SPECIFICATION 

ID  Constraint  Description  

1 Cost  Components should be sourced/designed such to save cost 

2 Mass  The robot is to be deployable by one person, limiting the mass to 35 kg 

3 Modular  The drivetrain must employ a modular approach allowing different 

designs to be interchanged 

4 Size  The drivetrain must be large enough to drive the robot but small enough to 

fit through confined spaces 

5 Repair/ maintenance  Simple to manufacture parts for easy maintenance 

6 Complexity  Parts need to be simple and few 

7 Durability  Be impact resistant to the expected forces from its environment  

8 Reliability  Disaster environments require high levels of reliability in uncertain terrain 

9 Torque  High levels of torque will be required to climb 90-degree slopes 

10 Traction  Traction with the ground is essential for slope climbing  

11 Obstacle crossing  Needs to climb over 10 mm high, and cross 15 mm wide obstacles 

12 Clearance  As high as possible  

13 Mobility  Complex terrain requires a high level of mobility  

14 Power source  Compatible with and completely powered by a 12 V battery 

15 Control  Controlled remotely, requiring ease of use and information fed back to the 

driver  

16 Wiring  Easily wired to the control system  

17 Environment  To be suitable for dry indoor environments  
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4.5.3 Benchmarking 

This cable climbing robot has a new adhesion mechanism, which is not common among other 

cable inspection robots (Figure 4-24). This adhesion mechanism provides a good platform to base 

the new drivetrain on, and it let to the robot to move along bridge cable systems, such as bridge 

cables, pipes, steel wires, and circular poles for inspection. 

 

FIGURE 4-24 EXISTING CABLE CLIMBING ROBOT DRIVETRAIN FEATURES 

 

4.5.4 Design, calculations, and decisions 

4.5.4.1 Tracks vs. wheels 

Due to the cost and complexity, the form of transport is limited to tracks or wheels. Table 4-13 

compares tracks and wheels against the specification 4.5.2). 
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TABLE 4-13 TRACKS AND WHEEL COMPARISON AGAINST SPECIFICATION 

ID
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1 Cost 0 1 4 
Wheels are more common and involve fewer parts 

leading to being cheaper 

2 Mass 0 1 4 
Tracks have more components than wheels, leading to a 

greater mass 

3 Modular 1 0 4 
Tracks can have parts mounted inside them, leading to the 

possibility of a self-contained unit 

4 Size 0 1 3 
Tracks are more flexible in the shape/size of the design, but 

wheels are smaller. 

5 Adaptability 0 1 3 

Wheels only need the tread to be changed for different 

levels of grip or clearance. Tracks need to be completely 

replaced to change these aspects. 

6 
Repair/ 

maintenance 
0 1 3 

If the tread breaks, the whole wheel needs replacing and the 

track needs all tread elements replacing 

7 Complexity 0 1 2 Wheels have fewer components so are less complex 

8 Durability 0 1 2 
Generally made from thick rubber, so more durable than lots 

of little treads 

9 Reliability 0 1 3 
Tracks have more components so more can break than in a 

wheel 
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TABLE 4-14 TRACKS AND WHEEL COMPARISON AGAINST SPECIFICATION (CONTINUED) 

ID
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10 Torque 1 0 3 
Both have the same torque tracks can apply it more 

effectively 

11 Traction 1 0 3 
Wheels only contact the ground in a small area whereas 

tracks are much larger attaining better traction 

12 
Obstacle 

crossing 
1 1 2 

Tracks and wheels length allows them to traverse obstacles 

which wheels would otherwise get stuck in/on 

13 Clearance 0 1 2 
Without special consideration, tracks give less clearance than 

wheels 

14 Mobility  1 0 3 
Greater obstacle crossing capabilities give tracks better 

mobility 

15 Power  - - - 
As the power will be the same for both, so will not be 

compared 

16 Control - - - Control methods will be the same for both 

17 Wiring - - - Wiring to motors will not depend on wheels/tracks 

18 Environment 1 0 4 

Tracks have lower ground pressure and can, therefore, handle 

a wider range of environments, e.g., spiral wire/ gimped 

cable 

Total 19 26 
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The comparison determines that tracks are the most suitable form of a motion for the new CCR 

robot. 

 

4.5.4.2 Design options 

Three considered concepts are reviewed in detail (Figure 4-25 - Figure 4-31). The cost and 

complexity increase with improved mobility (Figure 4-32). 

 

 

FIGURE 4-25 OPTION 1 ï SIMPLEST DRIVETRAIN DESIGN 

 

 

FIGURE 4-26 OPTION 2 ï SECOND SIMPLEST DRIVETRAIN DESIGN 
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FIGURE 4-27 OPTION 3 ï MIDDLE DRIVETRAIN DESIGN 

 

 
FIGURE 4-28 OPTION 4 ï SECOND MIDDLE DRIVETRAIN DESIGN 
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FIGURE 4-29 OPTION 5 ï SECOND MIDDLE DRIVETRAIN DESIGN 

 

 
FIGURE 4-30 OPTION 6 ï SECOND MIDDLE DRIVETRAIN DESIGN 
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FIGURE 4-31 OPTION 7 ï SECOND MIDDLE DRIVETRAIN DESIGN 

 

 

FIGURE 4-32 DRIVETRAIN COST & COMPLEXITY VS. MOBILITY GRAPH 
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While option 1 (Figure 4-25) and option 3 (Figure 4-27) would be the lowest cost and easiest 

to implement, the most cost-effective design, option 7 (Figure 4-31), is chosen as this best meets 

the specification. This option also has the greatest ability to climb different cables. Due to the 

modularity requirement, the design should still allow the track units to be removed and replaced 

with a single unit as in option 1 (Figure 4-25) to allow it to be adapted to suit its environment. 

 

4.5.4.3 Dimensions 

The robot specification is such that it should fit through a 600mm triangle and have a turning 

circle of less than 600 mm (Table 4-15). This has a direct effect on the size of the track units. The 

restricting dimensions of the track units and their placement on the robot are illustrated in Figure 

4-33. 

 

FIGURE 4-33 RESTRICTING DIMENSIONS IN THE DRIVETRAIN DESIGN 
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TABLE 4-15 DRIVETRAIN DIMENSION 

Dimension  Reference Value (mm) 

Length  L11 519 

Width  2.93(L7+L1/2) 2.93(286+350) 

Height  L2 800 

Length box  L5 429 

Width box  L4 165 

Distance between 

wheels  

5*L 4/2 325 

Hexagon diameter L1 700 

Cable diameter D10 100-300 

 

4.5.4.4 Adhesion mechanism 

The adhesion force between the robot and the cable is an important factor of a climbing robot 

because it affects the robot operation and might damage the polyethylene cable. Hence, the cable 

climbing robots should be adapted to the changes in the cable diameter because the diameter of 

the suspension hanger varies in the range of 100 mmï 300 mm. Thus, the proposed robot is 

developed to be applied in a variety of cable diameters using a scissor mechanism [41]. 

 According to the scissor mechanism, the output power is always transmitted perpendicularly 

so that it can reduce the loss of adhesion forces (Equation 4-4). As shown in Figure 4-34, the initial 

position of the slider is D, the length of the link is L, and the initial angle is ɗ. Depending on the 

position of the slider, the height of the Scissor mechanism is calculated as follows [42]. 

Ὂ ὲὒ
  

               (4-4) 

The designed scissor mechanism of the cable climbing robot is shown in Figure 4-35. 
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FIGURE 4-34 GENERAL INSTANCE OF SCISSOR 

MECHANISM 

 

FIGURE 4-35 SCISSOR MECHANISM  

 

4.5.4.5 Chain and sprockets 

Cable climbing robot systems should be equipped with some protection mechanism to prevent 

falling because suspension bridge cables are usually located at high vertical positions from the 

ground. Sprockets and chains are also used for power transmission from one shaft to another where 

slippage is not admissible, sprocket chains being used instead of belts or ropes and sprocket-wheels 

instead of pulleys (Figure 4-36). 



 

57 

 

 

FIGURE 4-36 CHAIN AND SPROCKET 

 

The chain and the sprocket used in the final design are detailed in Table 4-16. 

TABLE 4-16 FINAL CHAIN AND SPROCKET CHOSEN 

Type Standard 

chains 

Composition 

instructions 

18.1  

Pitch 12.7 Number of 

tracks 

1 

Material  Steel Max. allowed 

tension(kN) 

~99 

Chain no. 40 Number of Links 32 

Pin format Rivet type   

For chain 

no. 

40 B (1/2ò 

pitch) 

Number of 

tracks 

Single 

row 

 

Material  [Steel] 

1045 

carbon 

steel 

Bore style With 

finished 

bore 

Bore dia. D 10K Keyway b2 * t2 4*1.8 

Number of 

teeth (T) 

10 Chain type RS 
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4.5.4.6 Suspension 

Suspension springs can cushion cable surface unevenness and ensure that the urethane wheels 

always maintain reliable contact with the surface (Figure 4-37). 

Two types of robot systems are developed for inclined cables in cable-stayed bridges and 

vertical hanger ropes in suspension bridges. The hardware of the cable inspection robots has the 

following unique features. 

(i)The range of cable diameters are from 100mm to 300 mm, and the maximum payload is 

47 kg for hanger ropes and stay cables, respectively. 

(ii)The robot is controlled with and transmits sensor data to the control system through wireless 

communication. 

(iii) The self-locking system is designed to prevent reverse force on the motor and dissipate the 

freefalling force for an unpredicted power outage to maintain reliable contact with the surface. 

  
FIGURE 4-37 SUSPENSION AND SHOCK ABSORBER MECHANISM 

 

4.5.4.7 Motor requirements 

Equations 4-5 and 4-6, Table 4-17 show what the required torque and rpm for the tracks drive 

motors are, for given inputs. An important design objective of the cable-suspension bridge robot 



 

59 

 

is that the robot should have enough climbing force to inspect vertical hanger cables, and, for an 

unpredictable power outage, the gravity force due to the robot dead weight should be effectively 

counteracted to avoid freefall. To accomplish these design objectives, electrical DC motors are 

used to actuate the robot system on hanger cables [43, 44]. The robot system employs a scissor 

mechanism for various cables gauges and a self-locking mechanism for a power outage (Figure 

4-38). The self-locking system is designed to prevent reverse force on the motor and to reduce 

falling acceleration during a power outage. A simple gear system is used, which consists of 

differential gears, including worm and pinion gears and worm wheels attached to disk dampers 

[45, 46]. 

 

FIGURE 4-38 SAFE LOCKING MECHANISM 

 

FIGURE 4-39 CCR DURING CLIMBING AT AN ANGLE 60 DEGREES LEFT AND 90 DEGREES RIGHT 
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TABLE 4-17 TRACK MOTOR REQUIREMENTS 

Input requirements Value Unit  

Mass 35 [kg] 

Number of drive motors 6 n/a 

The radius of a drive wheel 0.06 [m] 

Robot velocity 1 [m/s] 

Maximum incline 90 [deg] 

Desired acceleration 1 [m/s2] 

Total efficiency 65 [%] 

Output requirements 

Torque 4.579 [Nm] 

Angular velocity 159.24 [rpm] 

 

ɬ                           (4-5) 

where; 

Ű is torque (N/m) 

e is the efficiency of motor/gears/wheels (%) 

a is acceleration (m/s2) 

g is acceleration due to gravity (m/s2) 

ɗ is the angle of incline (o) 

m is mass (kg) 

r is the radius of effective wheel (m) 

n is the number of motors 
      

      ɱ φπ                 (4-6) 

where; 

ɤ is the angular velocity (rpm) 

v is the velocity (m/s) 

r is the radius of effective wheel (m) 
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TABLE 4-18 FAULHABER DC MOTOR 

  

                                                                                                               FIGURE 4-40 FAULHABER DC MOTOR 

 

4.5.5 Final design 

The track units and adhesion systems are designed and improved in a series of iterations until 

the final design shown in Figure 4-41, and Figure 4-42 is reached. Specifications for the motors 

and sprockets and chains used can be found in Table 4-19, including the required values calculated 

in section 4.5.4.4. It is clear by comparing what the motors can supply with what is required, that 

the motors are able to supply the required torque and rpm. The chosen motors have a very high 

safety factor. However, they are cheap and compact, so finding less powerful motors are deemed 

unnecessary. The large safety margin also allows for a wide range of possible modifications in the 

future. 

TABLE 4-19 FINAL DRIVETRAIN MOTOR SPECIFICATIONS 

Section Name of motor The torque 

of the motor 

(mNm) 

RPM 

of 

motor 

Added 

gear 

ratio 

(X:1) 

Torque 

after 

gears 

(Nm) 

RPM 

after 

gears 

Drive 

motors 

3863H012CR+38A 

120;1+HEDS5500A 

12+MG20+X0743 

131 5600 120:1 20 46 

Required  16 42 

Scissor 

mechanism 

Progressive 

automation PA-14P 

98 5100 560:1 203 9 

Required  150 7 

Input Voltage:                         12 V DC 

Gear ratio :                               120:1 

Gear output Torque:              20 Nm 

Speed:                                      46 rpm 

Operational Temperature:   -30 C~+125 C 

Current (full load):                  4A 

Motor Type:                             coreless DC motor/ graphite commutation 

M otor and gear bearings       ball bearing, preloaded 

Unit Weight:                            740 gr 

M otor max efficiency             % 84 

M otor output torque:             131 mNm 

Motor power:                          110 w 
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The possible smallest and simplest solutions are chosen for each design step, using easily 

sourced and replaceable parts where ever possible. The only complex parts are scissor 

mechanisms. They are designed to fit all required parts (pins, rotary shafts, ball bearings, metal 

collars, and drivetrain units), including wiring, and need a milling machine to make. They are, 

however, not expensive, so having a few spares is a very affordable possibility. All other drivetrain 

parts can be made on a lathe & pillar drill with a little spare material or ordered from Misumi. Each 

drive unit is identical and can be attached to any side and any cable that is in the applicable cable 

diameters range. Figure 4-43 shows the finished design in CAD. 

 

 

FIGURE 4-41 FINAL FRAME DESIGN 

 

FIGURE 4-42 FINAL ADHESION SYSTEM DESIG 

 

 

FIGURE 4-43 DRIVETRAIN FINAL DESIGN 
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4.5.6 Manufacture 

All of the parts are machined at the Concordia University, except for some leather machining 

and milling machine. The components are then assembled into the track units (Figure 4-44). 

Chain tensioning blocks are not added to the CAD model due to time constraints; however, they 

are designed and brought the total clearance of the robot to over 40mm. They also direct any impact 

force away from the sprockets and into the chain unit. 

 

 

 

4.6 CCR control  and electronics 

The key challenge for creating reliable robots that achieve their full potential is the development 

of controllable mechanisms and unites using materials that integrate sensors, actuators, and 

computation, and that together enable the structure to deliver the desired behavior. 

 

FIGURE 4-44 MANUFACTURED AND ASSEMBLED UNITS 
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FIGURE 4-45 ELECTRONICS AND SOFTWARE DEVELOPMENT STRATEGY 

 

4.6.1 Specification 

The specification for the new electronics and software system in Table 4-20 is developed from 

the aims and objectives, original high-level specification (section 4.3), and company requests. 
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TABLE 4-20 ELECTRICAL SYSTEM SPECIFICATION 4.3 

ID  Constraint Description  

1 Size 

Components are chosen, and electronic designs should be as 

small as possible in volume but also not exceed dimensions 

specified by the chassis, drivetrain design parameters to ensure 

they can fit in the small package space.  

2 Mass 
Weight must be considered when choosing components and 

reduced where possible.  

3 Modular 

Chosen components must have plug and play modularity with 

connectors for simple removal. Removal of devices should not 

affect the robotôs operation of other devices or its reliability. 

4 Cost Electronic components must be low cost. 

5 Reliability Low cost should not affect the reliability of the device. 

6 Communication 
Must be able to communicate wirelessly with an operatorôs 

computer. 

7 Data 

The electronics should be able to control the robot from data 

supplied by an operator remotely (wheels, adhesion 

mechanism)  

8 Wiring 

Simple, tidy, and easy to follow the wiring. 

Fixed terminal blocks for connections. 

Single point ground connection to prevent ground loops. 

Produce and accurate wiring diagram for the electrical 

network. 

9 Emergency stop 

An emergency stop system must be implemented, as good 

practice with all robotic systems, to remove all power 

electronics and communication systems active. 

10 Fuse protection Protect the battery and the robot using fuse protection. 

11 Protect battery Adequate protection from connecting in reverse polarity. 

12 Monitor battery 
Supply operator with battery charge levels remotely to estimate 

remaining drive time and prevent over-discharge. 
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4.6.2 Electronic architecture design 

A modular electronic architecture is designed to allow a core system to function and provide 

basic robotic operations (Figure 4-46). This system could then be expanded to control additional 

systems, providing additional sensing, camera maneuverability, or manipulation capabilities [48]. 

 

 

FIGURE 4-46 ROBOT MODULAR ELECTRONIC ARCHITECTURE 
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4.6.3 Controllers design 

Cable climbing robot is designed with the integration of both hardware and software for various 

real-world applications. Working with the applications, the robot is to inspect the full length of the 

cable and apply different speeds to execute the user-defined tasks. The way the robot has to make 

a motion is pre-programmed by the user in applications with the integrated embedded system 

components present with the robot design. There are possibilities for the robot to deviate from the 

programmed trajectory due to the intervention of disturbances. Mostly,  some errors are introduced 

in the trajectory of the robot. This creates the need for a robust controller to make the robot run in 

real-world applications. From the results, it is clear that the robotôs velocity cannot be easily 

maintained due to uneven floor conditions, and due to some disturbances. The designed cable 

climbing robot is supposed to be continuously monitored with the help of encoder sensors and be 

controlled by the controller at every instant as its trajectory is being tracked. Proportional-

Integrated-Derivative (PID) controller is one of the methods to synchronize and control the 

multiple motors. To control the cable climbing robot, the proportional-integrator-derivative (PID) 

controllers is designed with the following transfer function: 

όὸ ὑὩὸ ὑ᷿Ὡ†Ὠὸὑ          (4-7) 

where Kp is proportional gain, Ki is the integral gain, and Kd is the derivative gain. Those values 

are available in Table 4-21. 

TABLE 4-21 PID VALUES TUNED 

 KP K I  KD 

M1 19.15 9 0.0005 

M2 19.15 9 0.0005 

M3 20 11 0.0005 

 

Two PID controllers are designed. The first PID controller aims at synchronizing of three dc 

motor speed (Figure 4-47). The second PID controller aims at regulating the synchronizing 

position linear actuators (Figure 4-48). And the parametersô description is provided in Table 4-22. 
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FIGURE 4-47 DC MOTORS CLOSED-LOOP BLOCK DIAGRAM HAVING PID CONTROLLER 

 

 

FIGURE 4-48 LINEAR ACTUATORS CLOSED-LOOP BLOCK DIAGRAM HAVING PID CONTROLLER 

 

TABLE 4-22 PARAMETERS OF TWO PID CONTROLLERS 

Parameters Unit  Description Parameters Unit  Description 

m=0.818 kg Wheels mass Rm=0.16 Ý 
DC motor 

resistance 

R=0.060 m 
Diameter of 

wheel 
Kt=19.9 mNm/A 

DC motor torque 

constant 

g=9.810 m/s2 
Gravity 

acceleration 
Kb=2.8 mv/rpm 

DC motor back 

E.M.F constant 

Efficiency, Max. h  %83 - - - 
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4.6.4 Electronics and software 

Electronics and robot software is required to power and control the cable climbing robot 

systems remotely while providing the operator with enough information to do this safely. 

 

4.6.5 Control electronics 

Power distribution boards (PDBs) are used extensively throughout electronic systems as a 

means of dividing electrical power from the supply system to subsidiary systems (Figure 4-49, 

Figure 4-50). There are various methods by which one can regulate the voltage and thus distribute 

the required power throughout a system. Common methods of power distribution utilize voltage 

regulation. Voltage regulation is required to create a voltage reference from which the subsidiary 

circuit can operate at a stable voltage (Table 4-23) [51]. 

 

TABLE 4-23 PCB COMPONENTS LIST 

1~6 dc motor driver 

A XBee 

B radio controller 

C on/off key 

D microprocessor 

E encoder dc motor 

F, G, H driver dc motor ports 

I radio controller pins 

J encoder dc motor 

K XBee port 

L ultrasonic port 

M driver dc motor ports 
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FIGURE 4-49 THE PCB BEFORE COMPONENT 

SOLDERING 

 

FIGURE 4-50 THE PCB AFTER COMPONENT 

SOLDERING 

 

 

4.6.5.1 Communication 

To improve connectivity, the new electronic box design allows the routerôs antennas to extend 

out (Figure 4-51). 
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FIGURE 4-51 ELECTRONIC BOX DESIGN 

A review of available routers is conducted, and dual-band (2.4 GHz and 5 GHz) router is chosen 

with a power output of 63 mW (XBee-pro s2b) (Table 4-24), two times greater than the existing 

router. The new series 2b (Figure 4-52) improves upon the power output and data protocol of the 

Pro Series2. Series 2b modules allow one to create complex mesh networks based on the ZigBee 

mesh firmware. These modules allow a very reliable and simple communication between 

microcontrollers, computers, systems, point to point, and multi-point networks are supported [52]. 

 

TABLE 4-24 SPECIFICATIONS OF THE XBEE-PRO (S2B) 

P
e
rf

o
rm

a
n

c
e 

Indoor/  outdoor range Up to 90 m/ up to 3200 m 

Transmit power output 63 W (+18 dBm) 

RF data rate 250,000 b/s 

Data throughput Up to 35000 b/s 

Serial interface data rate 1200 b/s - 1 Mb/s 

Receiver sensitivity -102 dBm 

P
o

w
e
r 

re
q

u
ir
e
m

e
n

ts
 Supply voltage 2.7 - 3.6 V 

Operating current (transmit, max output power) 132 - 220 mA @3.3 V 

Operating current (receive) 62 mA @3.3 V 

Idle current (receiver off) 15 mA 

 



 

72 

 

 
(a) Robot receiver 

 
(b) Computer receiver 

FIGURE 4-52 XBEE RECEIVERS 

 

Also, each radio controller transmitter (Figure 4-53) has a unique ID. When binding with a 

receiver, the receiver saves that unique ID and can accept only data from the unique transmitter. 

This avoids picking another transmitter signal and dramatically increase interference immunity 

and safety (Table 4-25). 

 

 

FIGURE 4-53 RADIO CONTROLLER TRANSMITTER 
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TABLE 4-25 RADIO CONTROLLER SPECIFICATION 

Description Brand name: Flysky 

Item X6B i-bus 2.4 GHz- 6 CH receiver 

Channels 6 (PWM), 8 (PPM), 18 (i-bus) 

Model type Multi -Rotor 

RF range 2.408- 2.475 GHz 

Bandwidth 500 KHz 

Number of bands 135 

RF Power No more than 20 dBm 

RX Sensitivity -95 dBm 

2.4GHz protocol AFHDS 2 A 

Modulation type GFSK 

Stick resolution 1024 

Low voltage alarm Yes 

DSC port PPM/ PWM/ i-bus 

Antenna length 93mm (dual antenna) 

Power input 4.0 - 8.4 V 

Online update Yes (wireless) 

Range >300 m 

Weight 4.5 g 

Size 36*22*7.5 mm 

i-bus port  Yes 

 

4.6.5.2 Microprocessor 

The Arduino Due 32bit ARM microcontroller (Figure 4-54) is a microcontroller board based 

on the Atmel SAM3X8E ARM cortex-m3 CPU. It is the first Arduino board based on a 32-bit 

ARM core microcontroller. It has 54 digital input and output pins of which 12 can be used as PWM 

outputs, 12 analog inputs, four UARTs (hardware serial ports), an 84 MHz clock, an USB OTG 

capable connection, two digitals to analog, a power jack, a reset button and an erase button. 
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FIGURE 4-54 ARDUINO DUE 32BIT ARM MICROCONTROLLER 

 

4.6.5.3 Motor controllers 

The chosen controller (Figure 4-55) is the only DC motor controller found which supplies the 

correct power (voltage and current) (Table 4-26) to the drive motors and fits inside the electronic 

box. 

TABLE 4-26 MOTOR CONTROLLER SPECIFICATION 

Currents 13 A DC motor driver - grove 

compatible 

 
FIGURE 4-55 CYTRON MOTOR 

CONTROLLER 

Maximum current  Up to 13 A continuous and 30 A 

peak (10 seconds) 

Logic level input 3.3 - 5 V 

Support motor 

voltage ranges 

6 - 30 V 

Bi-directional control for one brushed DC motor 

 

4.6.5.4 Sensors 

Sensors are required to allow teleoperated control of the robot and obtain the maximum number 

of points at the inspection site. Table 4-27 summarizes the sensors required, their purpose, and the 

chosen sensor. 
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TABLE 4-27 CHOSEN SENSORS 

Sensor and purpose Picture Description 

Range finder sensor: 

crash avoider  

FIGURE 4-56 ULTRASONIC 

SRF 08 

Communication with the SRF 08 

ultrasonic rangefinder is via the I2C bus. 

This is available on popular controllers 

such as the OOPic and Stamp BS2p, as 

well as a wide variety of micro-

controllers. To the programmer, the 

SRF08 behaves in the same way as the 

ubiquitous 24xx series EEPROM's, 

except that the I2C address is different. 

Battery monitor: 

avoid losing robot 

control  

FIGURE 4-57 DUAL 

BUZZER ALARM 

Battery voltage checker and low voltage 

buzzer. Three test mode test range 11.1 to 

12.6 volts, which is possible to test the 

battery pack without balance connectors, 

and loudly buzzer can be heard from a 

distance. 

6 DoF gyro, 

accelerometer IMU: 

increase robot 

efficiency and safety 
 

FIGURE 4-58 MPU6050 

Tri-Axis accelerometer with a full -scale 

programmable range and the working 

voltage is between 3 to 5 volts. This 

module combines a 3-axis gyroscope and 

a 3-axis accelerometer. I2C Digital-

output of 6 or 9-axis Motion Fusion data 

in the rotation matrix is important for 

accurate control. 

Encoder: 

synchronous motors 

and control of 

climbing speed 
 

FIGURE 4-59 HEDS5500A 

12 

Optical encoder with digital outputs, 

three channels, and 500 lines per 

revolution for line driver. 
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4.6.6 Power electronics 

Analyzing the evolution of CCR power distributions systems allow the designer to recognize 

drawbacks from real-world circuits and how these are overcome. Identifying these characteristics 

and using the plethora of past information allow the designer to improve continuously. 

4.6.6.1 Powerboard requirements 

Individual output power requirements for the main power board and the dc motors power board 

are dictated by the control electronics chosen in Section 5.4, resulting in the output requirements 

in Table 4-28 and Table 4-29. 

 

TABLE 4-28 REQUIRED OUTPUTS FOR THE MAIN POWER BOARD 

Name Voltage (V) Current (A)  Power (W) Fuse (A) Note 

XBee 12 1.1 13.2 2 Usually 0.9 A but 

additional 0.2 A 

due to newer 

antenna 

Ultrasonic 5 0.5 2.5 1 - 

Battery 

monitor  

12 0.3 3.6 1 - 

Gyro 5 0.2 1 1 - 

Radio 

controller 

transmitter  

5 0.2 1 1 - 

Total of 5 volts power 8.1 - - 

Total of 12 volts power 13.2 - - 
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TABLE 4-29 REQUIRED OUTPUTS FROM ACTUATORS AND DC-MOTORS 

Name Voltage (V) Current (A)  Power (W) Fuse (A) Note 

Linear 

actuators 

12 9.8 117.6 12 Usually 9 A but 

additional 0.8 A due to 

lock position 

DC great 

motors 

12 11 132 13 - 

Total of 12 volts power 249.6 - - 

 

The total power requirement of the control electronics is 265 W (This includes all actuators and 

dc-motors running at full load). This equates to a maximum current draw of 22.08 A from the 

battery, calculated by equation 4-8 [53]: 

Ὅ ςςȢπψ ὃ                (4-8) 

Where:  

I is the current (A); 

P is the power (W); 

V is the voltage (V); 

This is composed of 2.61 A and 3.6 A from the main power board and actuators and DC motors, 

respectively. As the actuators and dc-motors are used infrequently a running time of the robot is 

calculated to be 1 hour 19 minutes (Equation 4-9): 

ὝὭάὩ
  

 
ρφȢυ ὃὬ ρȢσς Ὤέόὶί    (4-9) 

 

4.6.6.2 Trace widths 

The PCBs copper traces are designed to handle the appropriate operational current. The trace 

widths are calculated using the IPC 2221 PCB technical design requirements (Equation 4-10) [54]. 

Imperial units of measurement are used for the design of the PCB trace widths ñéas a general 

rule, use imperial for tracks, pads, spacings, and grids. Only use mm for mechanical and 
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manufacturing type requirements like hole sizes and board dimensionsò [55]. The thickness of the 

copper trace is fixed at 35 ɛm (1.38 mils) due to the manufacturing process. 

Ὅ Ὧ ɝὝȢ ὃȢ           (4-10) 

where: 

I is current (A)  

A is the cross-sectional area (mils2)  

ȹT is the temperature rise (ÁC)  

K is a constant = 0.048 for outer layers and 0.024 for inner layers. 

Rearranging equation 4-11, 4-12 gives the area in mils2 for the required current. 

ὃὶὩὥ άὭὰὩί
Ȣ

Ȣ
        (4-11) 

ὡὭὨὸὬάὭὰί
Ȣ
         (4-12) 

 

4.6.6.3 Cables sizing and fuse protection 

Cable sizing is based on the 17th Edition IEEE wiring regulations [56]. Easy to replace fuses 

óLittle fuseô is chosen to ensure protection for safety-critical circuits. A minimum fuse value of 

135% larger than the load current is chosen as recommended in the Optifuse fuse selection guide 

[57]. 

 

4.6.7 Final designs 

The circuits are designed using Altium Designer (Figure 4-60, Figure 4-61) and then transferred 

to PCB manufacturer. The PCB is a two-layer board with power and ground routed on the bottom 

and signals on the top. The óIPC 2221 - A guides to better design the layout of the boardô [54] are 

followed. To save space inside the chassis, the driver boards are also designed to allow direct 

mechanical and electrical connection to the microprocessor. 
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FIGURE 4-60 LAYOUT OF POWER BOARD AND MAINBOARD 

 

FIGURE 4-61 3D REPRESENTATION OF THE BOARD 

 

4.6.8 Manufacture 

The PCBs are manufactured by the PCB Way (Figure 4-62) using a computer-controlled router. 

Through-hole and surface-mount components are soldered by hand. Spacers are machined using a 

lathe to give structural strength to the breakout boards and the microprocessor. 
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FIGURE 4-62 THE PCBS BEFORE COMPONENT SOLDERING 

 

4.6.9 Safety system 

The robot requires an emergency stop button to halt the drivetrain and adhesion unitsô linear 

actuators when presses but maintain power to all other control components. The maximum current 

the six motor control boards for the drivetrain can draw is 30 amperes. However, the maximum 

efficiency current of the motors is 13 amperes and should stay within 50% of this under normal 

loading conditions. This equates to a maximum current draw of 117 amperes from the battery 

under normal conditions (Equation 4-13). 

ÍÁØὩὪὪὭὧὭὩὲὸ ὧόὶὶὩὲὸὺzὥὶὭὥὸὭέὲὔzέȢάέὸέὶίρσzρȢυz φ ρρχ ὃ (4-13) 

A safety factor of 15% is added, making the required relayôs current rating of 135 amperes. A 

140 amperes fuse is included, designed to blow if the current exceeded these normal operating 

conditions, protecting the circuitry and relay [58].  The linear actuator motors operate on 12 volts 

dc, with the ability to draw 3 amperes. A separate relay is needed to operate at a different voltage 

of 12 volts. The emergency stop circuit is first simulated using Multisim to ensure the correct 

operation and measure current flow through the circuit. 

 

4.6.9.1 Powerboard 

The testing procedure, including continuity testing for the PCBs, described in Figure 4-63, 

demonstrates the voltage measurements made with a multi-meter for the main power board. Once 

the test completes, the boards are mounted in the chassis. The DC motors control electronics are 

shown connected in Figure 4-63. 



 

81 

 

 

Figure 4-63 The PCB and components 

 

4.6.10  Software design 

C++ is chosen for the new robot. C++ is a flexible framework for writing robot software and 

allows the software to be run as nodes across different devices to allow distributed computing 

(Figure 4-64). This allows the modularity and plug and plays functionality required. C++ also 

provides access to a lot of open-source libraries, available to use and modify freely, decreasing 

development time and increasing functionality. This allows future teams to develop in their 

strongest language [59, 60]. 

 

FIGURE 4-64 CCR DISTANCE VIEWER SOFTWARE 
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4.7 Summary 

In this chapter, the development strategy of the CCR has been given.  The objecives of the 

project have been outlined. The detailed designs on the chasis of CCR, drivetrain, control and 

electronics have been given. Both indoor and outdoor tests on the robot will be given in Chapter 

6.  
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CHAPTER 5    SIMULATION AND EXPERIMENT  TESTS OF 

TWIP  

A TWIP robot is built with four main parts: controller and sensors, gear DC motors, battery, 

and structure. Arduino Uno is the controller of the TWIP and allows the driver shield to drive gear 

DC motors. The gear DC motors of the robot could robustly keep the robot stable. The driver shield 

is L298, which is a dual full-bridge driver. It can transform the real-time data from the Arduino 

board to the DC motors. To record the angular position like pitch, yaw, and wheel angles, Arduino 

is connected to two different sensors. (i.e., MPU 6050 which has accelerometer sensors, 

gyroscope). As it contains 16-bits analog to digital conversion hardware for each channel, it can 

be more precise. 

Besides, using the XBee shield can wirelessly provide data transmission to the computer. The 

gear DC motors are made by Faulhaber with a maximum resolution of 350 rpm. Moreover, the 

power is supplied by Li-Po battery/4000 mA. The diameter of the wheels is 108 mm. The center 

mass of the robot is located in the middle of the wheelsô axis (Figure 5-1). 

 

 

FIGURE 5-1 TWIP ROBOT WITH DIFFERENT PITCH ANGLE 

 

5.1 Simulation results 

The simulation is carried out in Matlab/Simulink. The comparison between the proposed 

SMC, PID, SFC controllers is made.  



 

84 

 

The simulation of the closed-loop PID controller is done in SIMULINK using the ode 45 

methods with a variable time step. As shown in Figure 5-2, two different initial pinch angles are 

provided to evaluate the performance of PID controllers. 

 

FIGURE 5-2 THE PITCH ANGLE AND ITS RATE OF PID CONTROLLER IN SIMULATION  

 

 

FIGURE 5-3 THE PITCH ANGLE AND ITS RATE OF SFC IN SIMULATION  

 

The simulation of the closed-loop SFC is done in SIMULINK using the ode 45 method with a 

variable time step. As shown in Figure 5-3, two different initial pinch angles are provided to 

evaluate the performance of SFC.  
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FIGURE 5-4 THE PITCH ANGLE AND ITS RATE OF SMC IN SIMULATION 

 

The simulation results are summarized in Figure 5-4. From this table, one can see that the SMC 

is better transient performance than SFC does in terms of settling time and percent of overshoot.  

 

TABLE 5-1 TRANSIENT PERFORMANCE OF SFC WITH LQR, AND SMC IN SIMULATION 

 SFC SMC 

Initial condition  10o 30o 10o 30o 

Rise time (s) 0.181 0.166 3.144 4.374 

Settling time (s) 2.25 3.04 1.638 2.581 

Percentage of overshoot (%)  36.12 38.36 0 0 

 

5.2 Experimental results 

The developed SMC controller is a fully tested inbuilt TWIP robot. Extensive tests are done to 

compare with PID and SFC controllers. The experiment results of pitch angle and its rate of PIC 

and SFC controller are shown in Figure 5-5 and Figure 5-6. 

 



 

86 

 

 

FIGURE 5-5 THE EXPERIMENT RESULTS OF PITCH ANGLE AND ITS RATE OF PID CONTROLLER 

 

 

FIGURE 5-6 THE EXPERIMENT RESULTS OF PITCH ANGLE AND ITS RATE OF SFC 

 

 

In the next, to evaluate the performance of the sliding mode control, the pitch angle and its rate 

are illustrated in Figure 5-7. 

 

 

FIGURE 5-7 THE EXPERIMENT RESULTS OF PITCH ANGLE AND ITS RATE OF SMC 
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In the experimental tests, a big push is applied to the TWIP robot around one second to test the 

disturbance rejection ability of both controllers. From Figure 5-5 to Figure 5-7, one can see that 

PID, SFC, and SMC can recover from the push and achieve self-balancing. However, it only takes 

SMC less than two seconds to settle in the zero angles position while SFC takes more than two 

seconds, and the PID controller takes six seconds to reach the self-balancing state. The video of 

the experiments is uploaded on Youtube https://youtu.be/EKycX3Wqg9k/ and 

https://youtu.be/a6w5zxU8IBU. The experimental tests demonstrate that the SMC controller 

outperforms the PID controller and SFC tuned by LQR. 

Table 5-2 shows the performance comparison among the presented methods, PID, SFC 

controller, and SMC controller designed based on the 2-DoF model. As the comparison depicts, 

the overall performance of the presented SMC is better than those of the other methods. The 

settling time of the presented SMC illustrates that the robot can react faster compared to the SMC 

methods due to the consideration of 3 degree of freedoms (DoFs) for the dynamical modeling 

instead of 2 DoF (yaw angle). Although the overshoot of the proposed SMC controller is bigger 

than the one in [31], the important point which needs to be considered is the initial condition. 

 

TABLE 5-2 SUMMARY OF PERFORMANCE CHARACTERISTICS IN THE LITERATURE AND CURRENT 

STUDY 

 SMC SMC 

[current study]  

LQR 

[current study]  

PID 

[current study]  

Settling Time (s) <4 2 3.1 6 

Overshoot (rad) ~0.3 

(small initial 

angels) 

1.5 

(big initial 

angles) 

1.2 

(big initial 

angles) 

0.8 

(big initial 

angles) 

Robustness test No Very good Good Not good 

The initial robot angles are remarkably bigger than those set in the SMC controller in Xuôs work  

[31] to examine the robustness of the controllers. The system can respond faster than other methods 

do with bigger initial conditions because the controller is designed based on 3 DoF nonlinear 

dynamical models. 

 



 

88 

 

5.3 Summary 

In this chapter, an SMC with easy implementation was designed for balancing and stabilizing 

the robot based on the built nonlinear model in Chapter 3. Simulation tests were carried out to 

compare the proposed SMC with a PID controller and a state feedback controller (SFC) tuned by 

LQR. The experimental results demonstrated the superiority of the SMC controller to the other 

controllers, including PID, SFC, and SMC in [14] in terms of transient performance and 

disturbance rejection capability. 
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CHAPTER 6    EXPERIMENTS AND RESULTS CCR 

 

6.1  Chassis CCR 

Stress analysis is performed on two critical components with significant forces acting on them, 

the double U profile aluminum mounting hexagon and drive pillow mounting shaft [36]. 

 

6.1.1 Adhesion mechanism Finite Element Analysis (FEA) 

Due to the concurrent nature of the design process, the assumptions stated in Table 6-1 are 

used. FEA is conducted using parameters specified in  

Table 6-2. 

 

TABLE 6-1 ASSUMPTION USED IN CHASSIS STRESS ANALYSIS 

Parameter Value Justification  

Mass (kg)  4.0 

 

Maximum adhesion system mass as identified in 

the specification (Section 4.4.2)  

Payload (kg)  2.5 Mass of cameras and video data transmitters  

Gravity (ms-2) 10 Simplified for ease of calculations  

 

TABLE 6-2 KEY FACTORS FOR THE STRESS ANALYSIS OF THE ADHESION UNIT 

Component  Adhesion unite mounting 

Material  Aluminum 6082-T6 

Yield strength (MPa)  250  

Load  The moment generated 24 Nm 

Constraint Constrained at bolt interface  
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FIGURE 6-1 SAFETY FACTOR FOR ADHESION UNIT MOUNTING WITH 24 NM MOMENT 

 

 

FIGURE 6-2 VON MISES STRESS FOR ADHESION UNIT MOUNTING WITH 24 NM MOMENT 




































