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Abstract 

 Recently, various pipeline inspection robots have been 

researched. However, there are few control methods of the pipeline 

inspection robots (PIRS). Therefore, a few control methods of the 

pipeline inspection robot are needed. 

     This thesis proposes a controller design for a wheeled type of pipe 

inspection robot to adjust its diameter atomically and drive inside the 

pipelines with diameters from 300 to 500 mm using fuzzy logic 

control. The developed pipeline inspection robot can be used to 

inspect the sea-water in pipelines. To do this task, the followings are 

done. Firstly, mechanical design of a wheel type pipe inspection 

robot is proposed. The proposed PIR consists of driving part and 

sensor part. The driving part is composed of two modules and 

universal joint: passive module and active module that produces 

pressing force and universal joint connecting them. The sensor part is 

composed of ultrasonic sensors, angle sensor and camera sensor. 

Ultrasonic sensors are used for detecting curvature of pipe line and 

wheel positions, whereas the camera sensor is used for detecting the 

inside of the pipeline obtaining its inner state data in real time. Both 
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the active and passive modules consist of a body, 3 driving modules 

and 3 4-bar linkage  that are spaced at an angle 120 each other. The 

4-bar linkages in the active and passive modules are extended and 

shrunk by expansion DC motor and compression spring, respectively. 

Each driving module of the proposed PIR consists of driving wheel 

DC motor, motor case, double type wheel, and is connected to the 4-

bar linkage.  The body of the active module consists of front body, 

rear body, rotating thread shaft, gear motor and expansion DC motor, 

whereas the body of the passive module consists of front body, rear 

body, spring and shaft. Secondly, for system modeling of the active 

module, kinematic modeling of 4-bar linkage of the proposed PIR 

and dynamic modeling of the expansion DC motor to track the 

reference diameter are proposed. In addition, kinematic modelings of 

the proposed PIR are proposed and dynamic modelings of the driving 

DC motor for driving inside the pipelines are proposed. Thirdly, a 

driving algorithm for driving the proposed PIR in a curved pipelines 

and straight pipelines is proposed. This driving algorithm is used to 

design reference wheel velocities and reference PIR linear velocity by 

detecting curvatures of curved pipelines, straight pipelines and wheel 

position depending on the posture of the proposed PIR using 3 

ultrasonic sensors for the curve pipeline and 2 ultrasonic sensors to 

the straight pipeline. Fourthly, a conventional proposed PI controller 

and a fuzzy logic controller based on the kinematic modeling of the 

4-bar linkage and the dynamic modeling of expansion the DC motor 

are designed for the proposed PIR to track given reference diameters 

of pipelines with different diameters by making the tracking errors. 

Fifthly, based on the kinematic modeling and the dynamic modeling 

of the driving wheel DC motor of the PIR, a conventional PI 
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controller and a fuzzy logic controller are designed to track the wheel 

reference velocities and the reference PIR linear velocity obtained 

from the proposed drive algorithm in order to drive well in the curved 

pipeline with different diameters. Sixthly, a control system using 

computer, ATmega8 microcontroller, RS232 communication channel, 

ultrasonic sensors, camera, and angle sensor is developed for the 

proposed PIR to track the reference diameter and reference wheel 

velocities and reference PIR linear velocity in order to move along 

the wall of the pipeline. Finally, the simulation and experimental 

results are show that the proposed fuzzy logic controllers make PIR 

track the reference diameter and drive with the reference wheel 

velocities and the reference PIR linear velocity inside a given 

pipeline better than the conventional PI controllers. To prove the 

effectiveness and the applicability of the designed driving algorithm 

and the proposed controllers during driving experimental results of 

the proposed PIR in the pipeline, detected images of the pipeline wall 

are obtained from camera sensor. 

 

Keywords: Pipe inspection robot, 4-bar linkage, Fuzzy logic control, 

Automatic diameter controller. 
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Chapter 1. Introduction 

1.1. Background and motivation 

 Pipelines are widely used to carry natural gas and oil to 

destinations. They range from high-pressure transmission lines to 

low-pressure distribution lines in order to prevent a failure/leakage in 

a pipeline due to corrosion and/or high pressure as shown in Fig. 1. 

 

Fig. 1.1 Corrosion of pipeline 

The interiors of the pipes need to be routinely monitored and 

inspected to evaluate the need to maintain or repair the pipeline and 

to decide the most effective means to do so. Cutting one or more 

samples of the pipe and inspecting them manually is one of the most 

common methods used for diagnosing a pipeline. This manual 

inspection method shown Fig. 1.2 and needs high cost and a long 

time [1, 2]. Moreover, this method also does not provide 

comprehensive information about the status of the whole pipe 

because of the variations in corrosion rate found in different sections 

of a pipe. 
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Fig. 1.2 Manual inspection and maintenance of pipe 

 Since space availability is one of the challenges that face in-pipe 

robots [3], many concepts have been adopted to tackle this challenge 

and resulted in developing different kinds of in-pipe robots shown as 

Fig. 1.3 such as pig type (a), wheel type (b), caterpillar type (c) wall-

press type (d), walking type (e), inchworm type (f) and screw type (g) 

and combined types [3-27]. 

 

Fig. 1.3 Classification of pipe inspection robot 
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  Moreover, pipe diameters vary by the usage and flow conditions 

of the pipes, hence another main challenge that may pose technical 

difficulties to pipe inspection robot (PIRS) is the ability to navigate 

inside a pipe of changing diameter a pipe comprising segments of 

different diameters. This challenge becomes more difficult when the 

change in pipe diameter is 1) in step (not smooth) and 2) in 

considerably large diameter change e.g, more than double the 

smaller section. In these scenarios, when the robot passes from a 

larger pipe to a smaller pipe diameter vice versa, it has to be able to: 

a) find the hole location at the cross-section where the pipes mate 

(e.g. up, down, right or left of the center of the hosting pipe 

segment); b) steer into the hole direction; c) change its radial 

dimension to negotiate the receiving pipe diameter; and d) 

propel/move autonomously forward and backward in a limited and 

constrained space. Several concepts of PIRs have been developed to 

move through a pipeline with propulsion mechanisms that depended 

on friction force which might not be always sufficient to cause the  

linear motion [4-9]. However, the steering control has not been 

emphasized. Other mechanisms were designed to overcome those 

difficulties by utilizing sets of front and rear rollers/wheels which are 

pushed against the interior wall of the pipe and used to drive the 

robot [10-15]. Although some of those PIRs could travel only in 

pipes of constant diameters [10-11], others could handle only small 

changes in pipe diameters since their wheels were pushed radically 

against the pipe walls using compression springs of small strokes 

because springs usually exerted smaller forces towards the end of the 

spring stroke causing slipping of the wheels [12-17]. One notable 

example on a PIR that could adapt to large changes in pipe diameters 
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was [15], which could handle a pipe change of 400-700 mm. It used 

3 pantograph mechanisms distributed radically at 120 degrees to 

push the wheels against the pipe. Moreover, inch-worm robots [18-

20] and snake-like robots   [21-23]  utilized a serpentine motion to 

travel through horizontal and curved pipes, but their designs allowed 

limited radial and axial extension-contraction to provide clamping 

force against pipe walls. Also, pipe crawlers demonstrated good 

ability in dealing with the change in pipe diameters [24-25]. In spite 

of the advanced designs of those robots, their intricate designs 

showed deficiencies in meeting one or more of the intended tasks 

when they navigated through a pipeline, especially, in dealing with 

sudden changes of pipe diameter. 

     A wall-press type pipe inspection robot as shown in Fig. 1.4 was 

proposed in [4-9]. This robot had three pantograph type links spaced 

in 120° with three caterpillar track wheels for the adaptation to pipe 

diameter with the wall-pressing force adjustment using DC motor and 

its specification was shown in Table 1.1. The pipe inspection robot 

consisted of driving module and control module.  The control of the 

pipe inspection robot was considered as a mass-spring-damper- 

system. The dynamic model of the system was obtained by process 

model identification method. An observer was designed to estimate 

the unknown wall-pressing force to sustain the pipe inspection robot 

in pipeline. An algorithm of wall-pressing force generator was 

presented to find out an appropriate wall-pressing force when the 

appropriate wall-pressing force was given as a reference value of 

wall-pressing force, and PD controller was designed to make the 

estimated wall-pressing force track the reference wall-pressing force 

irrelatively to variable diameter of pipeline. 
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Fig. 1.4 Wall press type pipe inspection robot 

Table 1.1 Specification of a wall press type pipe inspection robot 

Item Length of Robot Weight of Robot Variable dimension 

Value 0.45m 30kg 0.53m~0.88m 

  

 The pipe inspection robot using tension spring, MRINSPECT, for 

a long-distance inspection of pipelines as shown in Fig. 1.5 was 

developed S. R. Roh et al. [29]. This robot system was PIRs using 

tension spring. The systems had outstanding mobility and several 

characteristic features, which made it possible to apply the proposed 

systems in pipelines with complicate geometries regardless of the 

effect of gravity, its postures, and the direction of moving. However, 

the mechanism of the in-pipe robot should be adaptable to the 

characteristic condition of the pipelines because of using tension 

spring. 
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Fig. 1.5 Pipe inspection robot using tension spring 

  Fig. 1.6 showed collaboration type PIR with two modules. It was 

developed by Y. S. Kwon et al. and could inspect 90-100m pipelines 

[30]. Each robot module consisted of three pairs, and each pair was 

operated by a micro-dc motor. Independent control of the speed of 

each caterpillar wheel chain (CWC) allowed steering capability 

passing through elbows or T-branches, and the CWC was foldable 

by using an embedded four-bar mechanism and a compression spring. 

This PIR could adjust its diameter and contact the inner wall of 

pipelines with an irregular cross-sectional area. This PIR also 

overcome the sharp corners of branches and elbows. The motion of 

this PIR was equivalent to an unidirectional mobile robot in steering 

at corners of an elbow or T-branch. However, this PIR had 

disadvantage in motion of pipeline, because of its depended on of    

force spring of different diameter. 
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Fig. 1.6 Collaboration type pipeline inspection robot 

 A screw driver in-pipe robot as shown in Fig. 1.7 was developed 

by A. Kakogawal et al. [31]. The system enabled the robot to 

navigate through the bent pipe and T-branch using only two actuators. 

The robot has three modes of locomotion such as screw driving, 

steering, and rolling which enable it to navigate through T -branches. 

The validity of this mechanism was tested by performing experiments 

in various types of pipelines. According to the results, the robot could 

pass through all horizontal pipes. However, the pathway selection 

mechanism had disadvantage in mobility. Because one output 

occasionally transmitted to another output, it caused unexpected 

motions.  

 

Fig. 1.7 Screw drive in-pipe robot 
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The robot could not navigate through all pipelines, especially, vertical 

pipes and branch pipes. Its specification is listed in Table 1.2. 

Table 1.2 Specification of the screw drive-pipe robot 

                        Item              Value/[Unit]        

               Axial Length               175.8 [mm] 

            Wheel Diameter                 109[mm] 

        Degree of the Wheel                 10 [deg] 

              Max Velocity                  500 [mm/s] 

              Total Weight                   0.35[ kg] 

 

 Fig. 1.8 showed an artificial earthworm type PIR developed by M. 

Ono et al. [32] and was constructed by three bellows, friction rings 

and three electromagnetic valves. This robot could move in the pipe 

which had 8 elbows and was 79 mm in inner diameter and 32 m in 

length. The traction force depended on the number of friction rings. 

The increasing to 20 friction rings may be able to move more than 40 

m. The robot showed feasibility as an in-pipe inspection robot of the 

primary cooling-water pipe of atomic power plant transparent vinyl 

chloride. The "U" letter curving pipe connected with double elbows is 

1.5 m in length and 300 mm in radius of curvature. Consequently, the 

robot could not pass the elbows when the robot moved to vertical 

direction. 


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Fig. 1.8 Earth worm type in-pipe robot 

 Fig. 1.9 showed a tube crawling type PIR, MORLTZ, developed 

by A. Zagler [33]. Its improvements in climbing through tube 

junctions were presented. It was able to move with a legged 

locomotion through pipes of any inclination and bore its weight only 

with friction forces. The robot had four new joints in the central 

body which allowed to rotate in the pipe and to bend its body. The 

gait pattern that was used to walk through a pipe was presented and 

a simulation results were shown to describe this movement. 

However, this robot needs at least three actuators for each leg. 

Moreover, the actuators used were still heavy compared to their 

power output. This makes the robots very heavy or weak if they 

have many legs. 

 

Fig. 1.9 Tube crawling type pipe inspection robot 

 

Bending 

joint 

Rotational 

joint
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 Many pipe inspection robots have been developed in recent years, 

but the steering control has not been emphasized. In [34], trajectory 

tracking control for pipe inspection robot was proposed using PID 

controller. However, PID controllers are significantly limited in their 

capabilities for the nonlinear system because the desired transient 

performances in the closed-loop system cannot be guaranteed in the 

presence of nonlinear plant with parameter variations and unknown 

external disturbances. In [35], flatness-based controller was proposed 

to track the trajectory. However, since flat system is liberalized by 

exact feedback linearization, it is less robust against parametric 

uncertainties and measurement noise. In [36], the robot can be easily 

controlled using GUI on a PC. A stable and smooth fuzzy steering 

controller for operating inside the pipes is constructed. However, the 

fuzzy steering controller was only a steering controller without 

controlling diameter. In [37], trajectory tracking control for the pipe 

inspection robot was proposed using optimal LQR controller. 

However, LQR controllers are significantly limited in their 

capabilities since the system is nonlinear. The desired transient 

performances of LQR controller in the closed-loop system cannot be 

guaranteed in the presence of nonlinear plant parameter variations 

and unknown external disturbances. To solve these problems, a new 

controller must be needed. 

1.2. Problem statements 

 To inspect pipelines, a wheel type pipe inspection robot must 

have ability to navigate inside variable diameter pipelines such as a 

pipe with segments of different diameters. 
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 To drive inside a pipeline with different diameters, the following 

two controllers must be developed. One is a diameter tracking 

controller used for adjusting diameters of the proposed PIR to given 

reference diameters, another is a driving controller used to track 

given reference wheel angular velocities  and reference PIR linear 

velocity in pipeline.  

 The problem statement is to design the two controllers for a wheel 

type pipe inspection robot as follows: 

 To design and manufacture a wheel type pipe inspection 

robot suitable to drive inside a pipeline with different 

diameters, elbows and straight pipe line.  

 To get modelings for designing two controllers. 

 To design two controllers to adjust the diameter of the 

designed PIR to reference diameters and for the proposed 

PIR  to track inside reference wheel velocities  and 

reference PIR linear velocity inside pipeline with a 

different diameters , elbows and straight pipelines.  

 To developed a control system to implement the proposed two 

controllers: 

 To perform the simulation and experiment for evaluating 

results of the proposed driving algorithm and controllers. 
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1.3. Objective and research method  

 The objective of this thesis is to propose a diameter tracking 

controller for adjusting the diameter of the proposed PIR to given 

reference diameters and a driving controller for the wheel type 

inspection robot (PIR) to track reference wheel angular velocities and 

reference PIR linear velocities in various pipelines. To do these tasks, 

the following steps are executed. Firstly, a wheel type pipe inspection 

robot that can work in pipelines with 150 to 250 mm in radius is 

developed. The robot consists of two modules and universal joint: 

active module and passive module such that each module has three 

wheel configurations with different mechanism to expand and shrink 

wheels, and universal joint. Secondly, kinematic modelings of 4-bar 

linkage of the proposed PIR and dynamic modelings of the expansion 

DC motor and the driving wheel DC motor are proposed. Thirdly, a 

driving algorithm for driving the robot in a curved pipeline and 

straight pipeline is proposed. This driving algorithm is used to design 

wheel reference velocities and PIR reference velocities by detecting 

curvatures of the curved pipeline and the straight pipeline and wheel 

position depending on the posture of the proposed PIR obtained using 

3 ultrasonic sensors for the curve pipeline and 2 ultrasonic sensors for 

straight pipeline. Fourthly, based on the kinematic modeling of the 4-

bar linkage and the dynamic modeling of the expansion DC motor, a 

conventional PI controller and a fuzzy logic controller are designed 

for the proposed  PIR to track  its given reference diameter. Fifthly, 

based on the kinematic modeling of the proposed PIR and the 

dynamic modeling of its driving wheel DC motor, a conventional PI 

controller and a fuzzy controller are designed to track the wheel 

reference velocities and reference PIR linear velocity obtained from 
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the proposed driving algorithm in order to drive well in the curved 

pipeline and the straight pipeline in different diameter pipe with 

multiple elbows. Sixthly, for implementation of the designed 

controllers, a control system using computer, ATmega8 

microcontroller, RS232 communication channel, ultrasonic sensors, 

camera, and angle sensor for driving the proposed PIR is developed 

for automatically adjusting its diameter to the reference diameters and 

wheel reference velocities and its reference PIR linear velocity in 

order to move along the wall of the pipeline. Finally, the simulation 

and experimental results show the proposed two controllers can work 

very well by making the proposed PIR track the reference wheel 

velocities and reference diameter in horizontal straight pipelines, 

elbow pipelines and different diameter pipelines to show their 

effectiveness and the applicability. 

1.4. Outline of thesis and summary of the contribution 

Chapter 1: Introduction 

  In this chapter, firstly, background and motivation of this thesis 

are presented. Secondly, problem statements of this thesis are 

described.  Thirdly, the objective and research method of this thesis 

are then described. Finally, the outline of thesis and summary of the 

contributions is described. 

Chapter 2: System Description and Modeling  

This chapter describes the structure of the proposed inspection 

pipeline robot and its modelings. To do these tasks, the followings 

are done. First, kinematic modelings of the 4-bar linkage and the 

proposed pipeline inspection robot and dynamic modelings for the 

expansion DC motor and the driving DC motor are proposed. 
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Chapter 3: Driving Algorithm  

This chapter proposed a smooth driving algorithm for the 

proposed pipe inspection robot in curve pipe with the target rotation 

angular velocity of the wheel from the driving algorithm to determine 

a target speed of the pipe inspection robot. 

Chapter 4: Controller Design  

This chapter proposes a conventional PI control and a fuzzy logic 

controller to track reference diameters and to track the reference 

wheel velocities and the reference PIR linear velocity obtained by the 

proposed driving algorithm. 

Chapter 5: Controller Implantation and Hardware  

This chapter describes the hardware structure of the proposed pipe 

inspection robot to implement the proposed controllers, the electrical 

design and software developed in this thesis. All electric hardware 

used in the system are described such as steering motors and driving 

motors, encoders, industrial PC, batteries, microcontrollers, 

ATmega128, ultrasonic sensor, ATmega8, monitor and motor driver.  

Chapter 6: Simulation and Experimental Results 

 This chapter presents simulation result and experiment results for 

the developed PIR to adjust its diameter to give reference diameters       

and to drive in various pipelines such as elbows, straight pipeline to 

show the effectiveness and the applicability of the proposed driving 

algorithm and the proposed controllers in chapter 4. Images are 

obtained through the camera sensor during the driving experiment. 
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Chapter 7: Conclusions and Future Works 

 Conclusions of this thesis and several suggestions for future 

works are presented. 
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Chapter 2. System Description and Modeling 

 This chapter   structure describes of a pipe inspection robot (PIR) 

and its following modelings the dynamic modeling and expansion 

DC motor. Firstly, kinematic modeling of 4-bar linkage of the 

proposed pipe inspection robot is proposed to adjust the diameter of 

the robot. Secondly, kinematic modeling of the purposed pipe 

inspection robot and dynamic modelings of dynamic the driving 

wheel dc motor to track a reference velocity are presented. 

2.1. System description 

 Design of a wheel type pipe inspection robot used for this thesis is 

shown in Fig. 2.1. The designed robot consists of active module, 

passive modules and universal joint. The active module uses the use 

DC motor to expand and contract the wheels, whereas the passive 

module uses the use of spring. The active module is used for giving 

pressure to the wall so that the robot can grip the pipe wall especially 

moving in elbows or vertical pipe. On the other hand, the passive 

module is used to support the active module in case that the active 

module can’t move in some conditions such as moving through 

elbow, and/or passing through a choked section in pipeline. The 

universal joint is used to connect the active module and the passive 

module together and give more flexibility with any direction when 

the robot moving inside pipeline. 
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Active 

module 

Passive

module 

 

Universal 

joint 

 

Fig. 2.1 Design of a wheeled type pipe inspection robot used for this 

thesis 

 Fig. 2.2 shows the structure of the active module. This module 

consists of three wheel configurations, a thread shaft, three 4-bar 

linkages, two gears and a high power 33.5W expansion motor to 

expand and contract the wheels. Each wheel configuration consists of 

a 12.8W DC motor for driving motor and rubber double type wheel 

sets. 4-bar linkages are used to assure the robot to have strong grip on 

the pipe wall as depicted in Fig. 2.3. Rubber wheels make the wheel 

give bigger wall press forces. Expansion and contraction of the 4-bar 

linkage is done by rotating the thread shaft which is actuated by 

expansion motor and thus making the shaft holder move forward and 

backward. Shaft holder in Fig. 2.3 is used to transfer energy from 

thread shaft to the 4-bar linkage. 
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Fig. 2.2 Structure of the active module 

 

Fig. 2.3 Side view of the active module 
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 Fig. 2.4 depicts the structure of the passive module Passive 

module has similar structure with the active module. Instead of thread 

shaft in the active module, compression spring is used for expansion 

and contraction of 4-bar linkage in the passive module. This is 

because the proposed pipe inspection robot only needs one active 

module to work in pipelines. 

 

 

Fig. 2.4 Structure of the passive module 

 Fig. 2.5 shows the universal joint of PIR which connects together 

with the active module and the passive module to give flexible 

movement   in all directions. 
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Fig. 2.5 Universal joint 

 Fig. 2.6 shows a driving module of the proposed pipe inspection 

robot connected with the 4-bar linkage and it consists of a wheel 

driving motor and motor case and doubled driving type wheel three 

pair driving modules in the active module and passive module are 

respectively. The active modules and the passive module are installed 

in the proposed pipe inspection robot. 

 

Fig. 2.6 Structure of the driving module 

The specification of the pipe inspection robot is shown in Table 2.1 
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Table 2.1   Specification of the pipe inspection robot used for this 

thesis 

Specification Value(Unit) Specification Value(Unit) 

      Total weight     11 kg 
Total length of the  

 robot 
     685 mm 

Length of active   
module 

    255 mm   Exterior diameter  300-500   mm 

Weight of active 
module 

  5.5 kg     Nominal speed        9 cm/s 

Length of passive 
module 

   220 mm     Maximum speed        21 cm/s 

Weight of 
passive module 

   4.5 kg 
Camera module  

length 
       135 mm  

        Gear  ratio      1:1   

 

2.2. System modeling 

2.2.1. Diameter adjusting modeling 

 In this section, firstly, kinematic modeling of 4-bar linkage of the 

pipe inspection robot is used to adjust the diameter of the pipe 

inspection robot. Secondly, dynamic modeling of expansion dc motor 

to adjust the 4-bar linkage of the active module is introduced. The 

nomenclatures of symbols used in the modeling are shown in Table 

2.2. 

Table 2.2  Nomenclature of linkage and expansion DC motor 

Symbol Parameters  

 Distance from the center of the wheel to joint 1 of the ith 4-bar linkage  

 

Angle between link 1 and thread shaft of the ith 4-bar linkage 

 

Angle between link 2 and thread shaft of the  ith 4-bar linkage 

 

Angle between virtual link and thread shaft of  the ith 4-bar linkage  

 

Angle between link 3 and virtual link of the  ith 4-bar-linkage  

 

Outside angle between link 2 and link 3 of the ith 4-bar linkage 

 

Distance from thread shaft to wall of the ith 4-bar linkage 

ih

1i

2i

3i

4i

5i

t ih
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Radius from joint 1 to the center of thread shaft of the ith 4-bar 

linkage 

 

Radius from joint 2 to the center of thread shaft of the ith 4-bar 

linkage  

 
Moving displacement of shaft holder of the ith 4-bar linkage 

 

Distance between front body to shaft holder of the ith 4-bar linkage 

 

Length of link 1 of the  ith 4-linkage the ith 4-bar linkage 

 

Length of link 2 of the ith 4-linkage the  ith 4-bar linkage 

 

Length of link 3 of the ith 4-linkage of the  ith 4-bar linkage 

 

Length of virtual link from joint 1 to joint 2 of the ith 4-bar linkage 

 
Distance from the rear body to the front body of the ith 4-bar linkage 

  Rotation angle of expanson DC motor of theith 4-bar linkage 

 

Radius of a driving wheel of the ith 4-bar linkage 

 
Lead of thread shaft of the ith 4-bar linkage 

 
Moment of inertia of the ith 4-bar linkage  

   Emf constant of the ith 4-bar linkage 

 
DC motor inductanc of theith 4-bar linkage 

 
DC motor voltage  of the  ith 4-bar linkage 

 
Viscous friction of the ith 4-bar linkage 

 
DC motor resistance of the ith 4-bar linkage 

 

DC motor current of the ith 4-bar linkage 

    
 Rotantioal angale of thred shaft of the ith 4-bar linkage 

 

 The mechanism system of the active module in Fig. 2.7 is shown 

in Fig. 2.7. 
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Fig. 2.7 Mechanical system of the proposed pipe inspection robot 

 Using trigonometry rules, Fig. 2.7, and , the followings 

are obtained as:  

 

 
                                                                 (2.1) 

                                                                                (2.2) 

                                                             
(2.3) 
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 (2.4)

  (2.5)  

   (2.6) 

  
(2.7) 

 The moving displacement of shaft holder of the      linkage 

is controlled by changing the rotation angle of explanation DC motor. 

The expansion DC motor system is shown in Fig. 2.8. 

 

Fig. 2.8 DC explanation motor system 

 The system equation of the DC expansion motor is expressed by 
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 where  is the  system state variable vector, is the  

motor voltage as an control input, and the rotational angle of the  

expansion DC motor can be obtained as follows:  

 

                                                                    
(2.9) 

 

    The tracking error of radius for the pipe inspection robot is 

defined as follows:    

 

                                                                         
(2.10) 

 

where  is reference radius of the pipe inspection robot. 

2.2.2. Driving speed modeling 

 Kinematic modeling is used to design a controller for the 

proposed PIR to track a reference angular velocity. Fig. 2.9 shows 

coordinate frames for the PIR kinematic modeling. 
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Fig. 2.9 Coordinate frame of the proposed pipe inspection robot 

 XYZ denotes the global coordinate frame, whereas represents the 

local coordinate frame at the geometric center of the PIR 𝑖̂,  𝑗̂, and 𝑘̂  

are the unit vectors of the local coordinate frame. The axis is always 

in parallel with Pi regardless of how the PIR moves, where Pi  (for   

= 1 to 3) is normal forces of the pipe wall to the wheels with respect 

to  axes.  

 By assuming that linear velocities of all wheels v1 , v2 and v3  exist, 

the total angular velocity vector of the PIR is 

ˆ ˆ
x yi j   

 
                                         (2.11) 

 (2.12) 

 (2.13)  

where 
 
are angular velocities about x, y axes, respectively. ,
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radius of the wheels and  is the distance from the center of the pipe 

inspection robot to the center of the wheel. 

 The linear velocity at the center of the pipe inspection robot is 

obtained by taking the average of linear velocities of the wheel as 

follows: 

 
                                         (2.14) 

 

 The relationship between the input angular velocity vector of 

wheels  and the output velocity vector of the PIR is 

given as is given as follows:
     

  
 

                                                                                       (2.15)  

 

 and the following Jacobean is given  in case that  is constant.  

 

                                        (2.16) 
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                                                 (2.17) 

 

where is the reference
 
is the reference velocity 

vector of the PIR.  

 The tracking angular velocity error vector of the wheels is defined 

as: 

 

 

                                                  (2.18) 

 

 

where is the reference input angular velocity  vector  of wheels.  

 The relation between  
 
and  is given by  

 

   
 (2.19) 

 

      The DC expansion motor system of the  4-bar linkage is 

shown in Fig. 2.6. The differential equation describing the dynamics 

of the  DC motor system is expressed a state space model as 

follows: 
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i i i i iu x A x B                                                                   (2.20) 

 ,                        (2.21)       

                                         

where both the state variable vector of the ith driving DC motor 

system 
 

and measurement variable vector of the ith   

driving DC motor system constant of motor current of the ith  DC 

motor system  and the ith  wheel angular velocity, and .  The  ith 

system  input vector    is the ith motor voltage, and

 is the current vector  of the ith driving  DC motor 

(i=1,2,3). 
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Chapter 3. Driving Algorithm 

 When the proposed in-pipe inspection robot moves in curve 

pipeline, each wheel has to operate differentially to prevent the wheel 

from slip and overload. From this reason, a method of driving in 

curve pipeline is needed. 

3.1. Curved pipe 

 In this section, a method of moving the robot in the curve pipeline 

is presented in Fig. 3.1. In curved pipelines, the wheel velocities need 

to be different depending on the contact position of with the wall 

because three  wheels have different travelling distances in S of start 

and finish of curved. 

 

Fig. 3.1 Driving principle of in-pipe inspection robot 

 Fig. 3.2 presents distances between axis of center of curvature of 

inner pipeline contact points (1, 2, 3) of three wheels and each wheel. 

Distances from center axis of curvature to each wheel are presented 

as , and their ratio is same with ratio of each wheel, so an , ,p q rR R R
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algorithm for getting ratio of curvature is needed. This is verified by 

infrared sensor attached on the in-pipe inspection robot. 

 

Fig. 3.2 Position of wheels in curved PIR 

 

Fig. 3.3 Distance between sensor and pipeline 

    
 are measured when the  proposed PIR arrives at critical 

value, which is arbitrary distance between the inner wall of pipeline 

and ultrasonic  sensor. The distance values are as follows: 
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 (3.1) 

 

where  are decided by size of elbow’s radius are constant values 

and they can be obtained by simulation.  

 Ratio of curvature radii  can be gotten through 

moving although phase difference between  and  

 is about  radian.  

 Relation between and is shown in Fig. 3.4. The relation 

between the wheel angular velocities and the wheel linear velocities 

can be expressed as follows: 

 

                                                    (3.2) 

 

where    is  reference  wheel linear velocity of each 

wheel,  is distance from the center axis of curvature to each 

wheel,   is the angular velocity of the center of curvature, and 

is radius of the wheel. From Eq. (3.2), the reference angular velocities 

of the   wheel    are calculated as: 
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 (3.3)  
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Fig. 3.4 Relation between and  

3.2. Simulation results in curved pipe  

 The location of points P,Q , R of the proposed PIR  in the curved 

pipeline is shown in Fig. 3.5 and is rotation angle of the proposed 

PIR. 

 

 

 

 

 

1 1

2 2

3 3

p

pw ref ref
w

q

qw ref ref
w

r
rw ref ref

w

V

V

V

r

r

r

  

  

  

  

  

  

wiref
 iR





34 

 

 

Fig. 3.5 In-pipe inspection robot in curved  pipe 

 Fig. 3.6 and Fig. 3.7 show the simulation results two diameter 

with respect to   of the proposed pipe inspection robot in 

pipeline with diameter 300 mm and 500 mm where  are each 

65.245mm, 326.995mm and 81.156mm, 657.267mm obtained by the 

simulation, respectively. 

 

Fig. 3.6 Values of ,  ,  p q rI I I   in 300  mm 
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Fig. 3.7 Values of ,  ,  p q rI I I  in 500 mm 

 These values are making a sinusoidal signal having a phase 

difference as much as it can be seen. 

    Fig. 3.8 and Fig 3.9 shows simulation results with respect to 

 of pipe the proposed inspection robot with different 

diameter 300mm and 500 mm, respectively. 

 

Fig. 3.8 Values of ,  ,  p q rR R R  in 300 mm 
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Fig. 3.9 Values of ,  ,  p q rR R R  in 500 mm 

 The figure above also three curves in sinusoidal signal a pattern 

so that it is possible to ensure that with sufficient retardation. Fig. 3.8 

  and Fig. 3.9   has a phase difference of about -

radian one another. 
 

 Fig. 3.8 and Fig. 3.9 show the linear velocities with respect 

and the wheel angular velocities of the curvature with 

respect to  corresponding to the each position of the 

wheels at the time of curve driving in mm and mm 

pipeline respectively.  

      Fig. 3.10, Fig. 3.11, Fig. 3.12 and Fig. 3.13 shows the linear 

velocities with respect and the angular velocities with 

respect   corresponding to the position of the wheels at the 

time of curve driving in 300  mm and 500 mm pipeline. 
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Fig. 3.10 Values of ,  ,  p q rV V V  in 300 mm 

 

Fig. 3.11 Values of ,  ,  p q rV V V  in 500 mm 
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 Fig. 3.12 and Fig. 3.13 show    corresponding to the 

value with diameter 300  mm and 500 mm, respectively.  

 

Fig. 3.12 Values of ,  ,  p q r    in 300 mm 

 

Fig. 3.13 Values of ,  ,  p q r    in 500 mm 
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 Fig. 3.10 shows a flow of the proposed driving algorithm for 

driving elbow. 

 

Fig. 3.14 Flow chart of the proposed driving algorithm 

 In Fig. 3.10, is chosen  by the simulation or experiment for the 

proposed  pipe inspection robot. 
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Chapter 4. Controller Design 

4.1. Diameter tracking controller design 

 To track given reference radii of the pipe inspection robot, a 

conventional PI controller and a fuzzy logic controller are proposed. 

The controllers are designed so that the tracking error goes to zero. 

The controller input u  in Eq. (2.8) is defined as PIu in the 

conventional PI controller and  FLCu  in the fuzzy logic controller. 

4.1.1. PI Controller  

 A conventional PI controller is used for controlling diameter of 

the pipe inspection robot as follows: 

 

   (4.1)  

 

where  and  are the PI controller gains. 

 

Block diagram of the conventional PI controller is shown in Fig. 4.1. 

 

Fig. 4.1 Block diagram of the conventional PI controller 
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4.1.2. Fuzzy Controller 

 The fuzzy rules are constructed by expert experience or 

knowledge database.  First, the tracking error and the derivate of 

the tracking error  are used as the input variables of the fuzzy 

logic controller. The control voltage is chosen as the output 

variable of the fuzzy logic controller. The linguistic variables are 

defined as {NB, NS, Z, PS, PB}, where NB means negative big, NS 

means negative small, Z means zero, PS means positive small and PB 

means positive big. The input and output membership functions are 

shown in Figs. 4.2 ~ 4.4 as follows: 

 

 

 

 

 

 

Fig. 4.2 Membership function for input he   
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Fig. 4.4 Membership function of output u   

 The fuzzy rules are summarized in Table 4.1. 

 

Table 4.1 Fuzzy rules 

         

 NS PS 

     NB     NB   NB 

     NS     NS   NS 

      Z     NS    PS 

     PS     PS    PS 

     PB     PB    PB 

       

 

    The type of fuzzy inference engine used in this thesis is 

Mamdani’s method. In this thesis, max-min type decomposition is 

used and the final output for system is calculated by using the center 

of area gravity method as follows: 

                                         
(4.2) 
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the membership of , 

the membership function , 

 the membership function of , 

 

 an index of every membership function of fuzzy set.  

 

     Fuzzy logic output can be calculated by the center of gravity 

defuzzification as: 

                                                                      
(4.3) 

 

where is the number of rules and  is the inference result. 

  Block diagram of the proposed fuzzy logic controller is shown in Fig. 4.5. 

 

Fig. 4.5  Block diagram of the proposed fuzzy logic controller for this 

thesis 
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4.2. Driving Controller 

 To control wheel angular velocities of the proposed pipe 

inspection,  a conventional PI controller  and a fuzzy logic controllers 

are proposed as follows: 

4.2.1. PI Controller 

  A conventional PI controller is used for controlling wheel 

reference velocity  of each wheel  of the pipe inspection robot as 

follows: 

 

                                                                  (4.4) 

 

where   and  are the PI controller gains. 

Block diagram of the conventional PI controller is shown in Fig. 4.6 

 

       

Fig. 4.6 Block diagram of the conventional PI controller 
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and its ith derivative are used as the input variables of the 

fuzzy logic controller. The ith control law as supplied voltage for 

motor drive is chosen as the ith output variable of the fuzzy logic 

controller. The linguistic variables are defined as {NB, NS, Z, PS, 

PB}, where NB means negative big, NS means negative small, Z 

means zero, PS means positive small and PB means positive big. The 

input and output membership functions for divining proposed pipe 

inspection robot are shown in graphics follows:  

 

Fig. 4.7 Membership function for input ie   

 

Fig. 4.8 Membership function for input ie  
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Fig. 4.9 Membership function of output diu   

The fuzzy rules are summarized in Table 4.2. 

Table 4.2 Fuzzy rules   

 

         NS PS 

NB NB NB 

NS NS NS 

Z NS PS 

PS PS PS 

PB PB PB 

 

 The type of fuzzy inference engine used in this thesis is 

Mamdani’s method. In this thesis, max-min type decomposition is 

used and the final output for system is calculated by using the center 

of area gravity method as follows: 
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 the membership function  of  motor, 

 the membership function of   of  motor, 

        = is motor voltage supplied for motor drive, 

 

an index of every membership function of fuzzy set.  

 

 Fuzzy logic output can be calculated by the center of gravity 

defuzzification as: 

 

                
                                                            (4.6)    

 

where is the number of rules and is the inference result. 

Block diagram of the proposed fuzzy logic controller is shown in Fig. 

4.10. 

 

Fig. 4.10  Block diagram of the proposed fuzzy logic controller for 

this thesis 
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Chapter 5. Controller Implementation  

5.1. Hardware Architecture 

 This chapter describes the designed and developed pipe inspection 

robot that consists of electrical design and software development for 

experimental purpose. The electrical design consists of motors, 

industrial PC, battery, ATmega8 microcontroller, motor driver, 

angular sensor and ultrasonic sensor, etc. 

  In the implementation, active and passive modules are connected 

with a universal joint to give their flexibility. Wireless camera sensor, 

VIJE IP-2000 PTW as shown in Fig. 5.1 is used for the developed 

PIR to drive smoothly inside pipeline by monitoring its movement 

and to get data inside pipeline. The purpose for collaboration of 

active and passive modules is to support each other in moving in 

pipelines as shown in Fig. 5.2. If the active module cannot move in a 

certain position, the passive module pushes/pulls the active module 

for the developed PIR to move. Likewise, if the passive module 

cannot move, the active module pulls/ pushes the passive module. 

 

 

Fig. 5.1 Wireless camera VIJE IP-2000 PTW 
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Fig. 5.2 Collaborative structure between two modules 

 A computer with a Graphic User Interface (GUI) is provided for 

users to control the developed PIR manually and obtains vision 

information inside the pipe. Fig. 5.3 is a flow chart of the proposed 

control system showing how the developed PIR works. Control 

commands which are given by users in GUI are sent to ATmega8. 

Then, ATmega8 transforms it into Pulse Width Modulation (PWM). 

After that, DC Motor is actuated by the PWM and finally the 

developed PIR is driven by the DC motor. Information data inside the 

pipe is obtained from two sensors, i.e. camera and encoder. The 

encoder converts information from one format to another, for the 

purposes of standardization of velocity speed, the position of the 

robot can be examined. ATmega128 sends signals from 3 ultrasonic 

sensors to computer.  
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Fig. 5.3 Flow chart of the proposed control system 

 The control PC of the control system is used to display GUI and 

vision information obtained from camera. The motor control module 

consists of multipoint control unit (MCU), ATmega8, a motor driver 

and a microcontroller (AVR). 

  Fig. 5.4 shows the picture of the developed pipe inspection robot 

system.  

 

 

Fig. 5.4 Developed in-pipe inspection robot 

5.2. Electrical part design 

 The eletrical part design of the  propoesd pipe inspection robot is 

shown in Fig. 5.5. The electrical part design in this thesis consists  of 
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expansion DC motor, microcontrller AVR ATmega128, ultrasonic 

sonsor, micocontroller AVR ATmega8, motor drivers and angle 

sensor. 

Driving  DC 

motor 

drving

Expansion DC 

motor 

Angule  

Sensor Microcontroll

er and motor 

driver  

Ultrasonic 

sensor 

Passive 

module
Active 

module

 

Fig. 5.5 Electrical part design of the proposed pipe inspection robot 

5.2.1. Expansion DC motor 

 In Fig. 5.6,  expansion  DC motor  driving the active  module  is 

shown and its specificion is shown in the Table 5.1. It is a motor 

generating pressing force between driving wheels and inner wall of 

pipeline by controlling the rotation of the thread shaft and expanding 

and shrinking 4-bar linkages of active module. 

 

Fig. 5.6 Expansion DC motor 
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Table 5.1 Specification of expansion DC motor IG-52 GM 03 Type 

  Item Specification 

Ratio 1/3 ~ 1/676 (Reduction rule 18grades)  

Rated torque 3.6 kg/cm ~ 100kg/cm 

Rated rotational speed 4.1 rpm ~1,000 rpm  

Motor DC 24V / 4.000rpm / 48.6 W  

Encoder 38Pulses(19Pulses 2CH) 

 

5.2.2. Microcontrollers AVR ATmega8 and ATmega128  

 Microcontroller AVR ATmega8 is used to convert control signals 

generated by the controller to PWM signals as shown in Fig. 5.7 and 

its specification is shown Table in 5.2. 

 

Fig. 5.7 Microcontroller Part 

Table 5.2 Specification of microcontroller AVR ATmega8 
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    Microcontrollers ATmega128 is used to receive signals from 3 

ultrasonic sensors and transfer them to computer.  The ATmega128 is 

shown in Fig. 5.8. The specification of ATmega128 is listed in Table 

5.3. 

 

Fig. 5.8 Microcontroller AVR ATmega128 

Table 5.3 Specification of microcontroller AVR ATmega128 

No Parameters Remarks 

1 Clock 16MHz 

2 RS232 channel interface Two 

3 Operating power 4.5 to operate at 5.5V 

4 Board size 4.6 x 7.9 cm 

5 RTC-32.768KH Available 

6 ATMEL ISP port, JTAG port Available 

7 All PORT Pin Extension Available 

8 RESET switch Available 

9 Power LED (RED) Available 

10 External input power supply Available: DC jack (power 

supply 7.5 ~ 12V Input) 

 



54 

 

5.2.3. Motor driver 

 In this thesis, the motor driver shown in Fig. 5.9 is installed with a 

microcontroller unit and its specifications are shown in Table 5.4. 

Motor drivers for 7 driving DC motors such 3 driving DC motor in 

passive module, 3 driving DC motors in active module and one  DC 

motor for expansion  in active  are used. 

 

Fig. 5.9 Motor driver 

Table 5.4 Specification of motor drive 

Item Specification  

Operation Voltage 9V ~27V 

Operation Current            Continuous 12A Burst 15A 

Size 5cm(Width) x 3cm(Height length) 

Communication RS-232 

 

5.2.4. Ultrasonic sensor 

 To calculate curvature of curved pipeline by measuring the 

distance from the sensor to the pipeline, ultrasonic sensor as shown in 

Fig. 5.10 is used. The specification of this sensor is listed in Table 5.5. 

 

GND

(- )BA T

V CC

(+ )BA T

En c o d e r  B

En c o d e r  A

M o t o r (+ )

M o t o r ( - )

V CC

GND



55 

 

 

Fig. 5.10 Ultrasonic sensor  SRF-10 

Table 5.5 Specification of ultrasonic sensor 

Item Specification  

Voltage 5v 

 Frequency 40  type  

Range 3cm – 6m 

Communication Standard I2C Bus 

 

5.2.5. Driving DC motor 

 Driving DC motor IG-32RGM type for driving the developed PIR 

as shown in Fig. 5.11 is used and its specification is shown in Table 

5.6. 

 

Fig. 5.11 Driving motor  IG-32RGM 05 Type 

zkH
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Table 5.6 Specification of driving DC motor 

Item Specification 

Rated torque 1.0kg/cm ~ 12kg/cm 

Rated rotational 

speed 
950rpm ~ 8rpm 

Motor DC12V / 6.000rpm / 12.8W Motor 

Encoder  26Pulses(13Pulses 2CH) 

 

5.2.6. Angle sensor 

 Angle sensor is used to measure of 4-bar linkage of the 

proposed pipe inspection robot in section 2.2. The sensor has a 

resistance of approximately 10 kΩ and can be operated at typical 

battery voltages to conserve power as shown in Fig. 5.12   and its 

specification is shown in Table 5.7. 

 

Fig. 5.12 Angle sensor gaussmakov B10kΩ 

Table 5.7 Specification of angle sensor 

Item Specification 

Resistance                       10kΩ  

 Supply Voltage                     5.5 V 

               Port 1                     Grand  

               Port 2                            output                

                   Port  3                   VVC  
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5.2.7. Camera sensor 

 In this thesis, camera sensor, VIJE IP-2000 PT Wireless, is shown 

in Fig. 5.13 and its specifications in Table 5.8. Camera sensor with 

pan-tilt consists of camera sensor and pan-tilt is used to detect 

movement of the proposed pipe inspection robot. 

 

Fig. 5.13 Camera sensor 

Table 5.8 Specification of camera sensor 

Item Specification 

Resolution 1600 X 1200 

Rotation Left, Right 355° / Upper, Bottom -30 ~ 90° 

Power Supply 12V DC Adapter 

Network 

Protocol 

TCP/IP, HTTP, SMTP, FTP, NTP, DNS, DDNS, 

DHCP, UPnP, RTSP, PPPoE, 3GPP 

 

5.3. Proposed control system 

 A proposed control system of the proposed pipe inspection robot 

developed for this thesis is shown in Fig 5.14 and Table 5.9. The 

(355 )Pan 

( 30 ~ 90 )Tilt   



58 

 

control system consists of camera sensor ⓐ, Host computer PC ⓑ, 

Driving DC motor in active moduleⓒ, expansion DC motor ⓓ, 

Ultrasonic sensor ⓔ, Driving DC motor in passive module ⓕ,   RS-

232 Bluetooth communication system ⓖ and encoder ⓗ. 

 

Fig. 5.14 Schematic block of the proposed control system 

Table 5.9 Configuration of the propose control system 

Simple                Name  Simple                    Name  
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module   of Active module 

ⓔ 

Ultrasonic Sensors 

and microcontroller  

ATmega128 

ⓕ 

Driving DC  motor and 

microcontroller ATmega8 

of passive module   

ⓖ RS232(Bluetooth) ⓗ Encoder  

 

 Functions of configuration of the proposed system shown in Fig. 

5.14 and Table 5.8 are described as follows: 

ⓐ  Camera sensor : provide pan-tilt controlling camera sensor  and 

installed in  the center of front body of active module, obtain image 

data inside pipeline and  transmit them to Host computer using 

wireless fidelity (WiFi)  with communication . 

ⓑ  Host computer : transmit  control  command  to drive  the 

developed PIR through RS232 wireless  communication and receive 

image data from all modules,  and receive  data obtained from camera 

sensor.   

ⓒ Driving  DC  motor of active module:  drive active module by 

PWM signals  received from  ATmega8 (3EA) 

ⓓ Expansion DC motor: generate pressing force between 3 driving 

wheels  and inner wall  of pipeline by rotating thread shaft expanding 

and shrinking  the 4- bar linkage  of the active through the expansion 

DC motor. 

ⓔ Ultrasonic sensor : 3 ultrasonic sensors are installed  in front body 

of active   module, measure the distances  from 3 ultrasonic sensors 

to inner wall of pipeline, transmit them to microcontroller 

ATmega128. Measured distances from curvature centers of 3 driving 

wheels to wheels are used to calculate reference angular velocities of 

3 driving wheels.   
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ⓕ    Driving DC motor of passive module : drive  passive module by 

PWM signals  received from  ATmega8 (3EA). 

ⓖ RS-232 (Bluetooth) : Connect Host computer with two 

microcontrollers kinds : One is a microcontroller ATmega8 for 

controlling  driving  DC motor, another is  a microcontroller 

ATmega128 for measuring distance  to inner wall using 3 ultrasonic 

sensors.     

ⓗ Encoder:  7 encoders are used for 3 driving DC motors of active 

module, one expansion DC motors and 3 driving DC motors of 

passive module. 

5.4. Control process 

 For control process, C# AVR ATmega8 and AVR ATmega128 

are used for GUI and motor driver control, respectively.  Fig. 5.15 

shows C# GUI to control only camera sensor and built-in software 

VIJE SAVITMICRO is used manually.  There are five parts  in the 

GUI, i.e. camera control panel, ⓐ where users control the camera 

directions by pan-tilt, camera state window statement  ⓑ that  

displays the state of the  current camera, slider window ⓒ that 

controls  rotational speed  by moving slider, camera vision 

information window ⓓ  that displays the current state images of 

camera sensor, and a  robot control panel ⓔ that rotaries  pan-tilt and 

camera sensor automatically  and controls the robot motion. 
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Fig. 5.15 Graphic user interface 

 Fig. 5.16 shows ultrasonic sensor and a camera sensor installed in 

the active module. Three ultrasonic sensors are installed in parallel to 

three wheel direction spaced 120° from each other in front of the 

active module to measure distance from ultrasonic sensors to the pipe 

inner wall surface of pipeline using previous version. The camera 

sensor is installed in the front center of the body of the active module 

to investigate the condition of the pipe inner surface. The camera 

with pan-tilt is rotatable to the upper, lower, left, right 355 ° using ⓐ   

part indicated by a red dotted line in Fig. 5.15.  

 

 

Fig. 5.16 Ultrasonic sensor and camera sensor 
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 Fig. 5.17 shows GUI program (software) developed to control 

only the developed PIR using C# language. This GUI program 

controls driving DC motor and expansion DC motor save data of 

motor velocities and encoder and have function that power supply of 

the developed PIR turns off in emergency. The control panel for 

manual operation is shown in Fig. 5.17. There are three buttons, 

namely backward, stop, and forward. These buttons simply control 

the proposed PIR to move backward, stop and forward, respectively.  

The reference PWM value that is sent to motors is displayed at the 

three left bottom boxes, whereas the PWM value that is read by 

encoders is shown at the right bottom boxes ⑤ ,⑥ and ⑦. 

Functions of buttons and windows shown in Fig. 5.17 are described 

as follows: 

 

Fig. 5.17 Control panel for manual operation 
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① EMERGENE: Turn off all power of the developed PIR in 

emergency and stop the developed PIR.  

② FORWARD:  Increase linear velocities of 6 driving motors forward 

and increase 50 mm/s wherever the button is clicked once. With 5 

steps, increase maximum 250mm/s. 

③ STOP: Stop the developed PIR at a desired position of users 

during its movement. 

④ BACKWARD:  Increase linear velocities of 6 driving motors  

backward and increase 50 mm/s wherever the button is clicked once. 

With 5steps, increase maximum 250mm/s. 

⑤ R1, R2, R3:  display angular velocities and encoder values of 

driving DC motor of passive module. 

⑥ F1, F2, F3: display angular velocities and encoder values of 

driving DC motor of active module. 

⑦ C1: display angular velocity and encoder value of expansion DC 

motor of active module. 

 ⑧ Record: Save data of ⑤, ⑥, ⑦.  

 ⑨ EXPAND: Expand 4-bar linkage to a desired position by rotating 

thread shaft using expansion DC motor of active module   

 ⑩ SHRINK: shrink 4-bar linkage to a desired position by rotating 

thread shaft using DC motor of active module. 

5.4.1. Universal joint 

 In this thesis, universal joint is shown in Fig. 5.18 and UNCA 

single type made of SSCM415 is used to joint active module and 

passive module together. And it can give more flexibility to drive in 

curved pipe and vertical pipe more naturally. 
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Fig. 5.18 Universal joint 

5.4.2. Battery 

 In this thesis, two Lithium Polymer batteries as shown in Fig. 

5.19, installed between body and active module and passive module 

for power respectively are used and their specification is shown in 

Table 5.10. It supplies voltage driving module, expansion DC motor, 

ultrasonic sensor, etc. 

 

Fig. 5.19 Lithium polymer battery 

Table 5.10 Specification of battery 

Item Specification 

Size 146 X 50 X 24(mm) 

Weight 291g 

Voltage 11.1V 

Maximum Charge Voltage 4.2V(Individual Cells) 

Cut-off Voltage 40c ~ 70c(Max) 
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Chapter 6. Simulation and Experimental 

Results 

6.1. Simulation results using the proposed diameter tracking 

controllers 

 Simulations are performed to verify the effectiveness of the 

conventional PI controller and the proposed fuzzy logic controller for 

diameter tracking. The parameter and initial values used in the 

simulation are listed in Table 6.1. 

Table 6.1 Parameters and initial values of the ith expansion DC motor 

Parameter  Value      Unit  Parameter  Value  Unit 

J  0.1     Kg m2 
 

150 mm 

 0.4       J/A 
 

130 mm 

 0.02    Js/rad 
 

50 mm 

 3       Ω 
 

100 mm 

 0.13        H 
 

47.45 mm 

 0        A 
 

20 mm 

 0      rad/s 
 

95 mm 

 5       deg 
 

75 mm 

 0 rad    

 

 By using the ith expansion DC motor parameters in Table 6.1, 

matrices in Eq. (2.8) can be calculated as follows: 
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 Fig. 6.1 shows the simulation results of the radius tracking of 

the proposed pipe inspection robot by using two diameter tracking 

controllers such as the conventional PI controller and the fuzzy 

logic controller. Three reference radii are given as 0.15 m, 0.2 m 

and 0.25 m. For  the conventional  PI controller, the radii of the 

proposed PIR show overshoots of 0.013m, 0018m 0.061m  when 

the proposed PIR are at inlets and outlets of the elbows and then 

converge slowly to the references. For the fuzzy logic controller, 

the radius of the proposed PIR converges to its references fast at 5s, 

35s, and 65s when the proposed PIR are at inlets and outlets of the 

elbows. The results show that the proposed the fuzzy logic 

controllers enables the radii of the proposed PIR to track the 

reference radii faster than the conventional PI controller. Fig. 6.2 

shows the radius errors by both controllers. For  the conventional PI 

controller, the radii of the proposed PIR show overshoots of 

0.013m, 0018m, 0.061m, and then converge  slowly the references   

when the proposed PIR are at inlets and outlets  of the elbows. For 

the fuzzy logic controller, the radius errors of the proposed PIR 

show the sudden sharp edges of 0.04 m,  0.05 m, 0.05 m when 

the proposed PIR are at the inlets and the outlets of the elbows and 

then converge to 0 m at 5s, 35s, and 65s. Fig. 6.3 shows control 

inputs for various walls using the conventional PI controller and the 

fuzzy logic controller. At points that the references are changed, 

both control inputs have sharp changes. The overshoots in the 

conventional PI controller makes the proposed PIR over-press to 

the inner walls of pipelines and cannot move smoothly, and can 

stop. The proposed fuzz logic controller makes the proposed PIR to 

track its reference radii faster than the conventional PI controller. 
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Therefore, the fuzzy logic controller has better performance than 

the conventional PI controller because the proposed fuzzy 

controller makes the radius errors converge to zero faster than the   

conventional PI controller. 

 

Fig. 6.1  Output radius ih  of the proposed PIR using both diameter 

tracking controllers 
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Fig. 6.2  Radius error he using the proposed PIR using both diameter     

tracking controllers 

 

Fig. 6.3   Control input u of the proposed PIR using both diameter 

tracking controllers 
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6.2. Simulation results using the proposed driving controllers 

 Simulations are performed to verify the effectiveness of the 

conventional PI controller and the proposed fuzzy logic controller for 

tracking wheel reference velocities and reference PIR linear velocity 

inside a given pipeline. The pipeline used for simulation is shown in 

Fig. 6.4 and its dimension is shown in Fig. 6.5. Since the three 

driving DC motors that are used are the same, the motor parameters 

and initial values for simulation are same as listed in Table 6.2. 

Table 6.2  Parameters and initial values 

Parameter Value Unit 

 0.1 H 

 0.3 J/A 

 0.1 Kg m2 

 0.01 Js/rad 

 2 Ω 

 45.25 mm 

 102.55 mm 

 [0 0 0]T A 

 [0 0 0]T rad/s 

                 457.2 mm 

 

 

Fig. 6.4  Pipeline for simulation and experiment 
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Fig. 6.5  Elbow and pipe specification (mm) 

Ai  and Bi in Eq. (2.21)  from Table 6.2  are same for the three  

driving DC  motors as follows: 

 

   

, , (6.2)

    

 

    

 

    For the simulation with two controllers of the conventional PI 

controller and the proposed fuzzy logic controller, the PIR moves five 

paths, namely moving straight for 1200 mm, moving in elbows for 

500mm, moving straight for 457.2mm, moving in elbows for 700mm, 

and finally moving straight for 700 mm. Nominal linear velocity of 

the PIR  is 178mm/s and is used as reference in the simulation. 
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Therefore, when the PIR moves in elbows ( = 457.2mm), the 

reference angular velocities ,  of the PIR are 

 

 (6.3)  

 

 (6.4) 

 

 

 Figs. (6.6) ~ (6.15) show the simulation results. The results show 

that the two controllers of the conventional PI controller and the 

proposed fuzzy logic controller enable the PIR to follow the reference 

velocities very well. Fig. 6.6 and Fig. 6.7 show the simulation results 

of angular velocities and angular velocity errors of the PIR with 

respect to x axis. This  figures show that the PIR follows the 

reference wheel angular velocities of 0 rad/s in straight  pipeline and 

of 0.39 rad/s in elbow very well by both controllers. The proposed 

fuzzy logic controller makes the angular velocities of the PIR in x 

direction change to its reference velocities faster than the 

conventional PI controller.  Fig. 6.8 shows the simulation result of the 

angular velocities of the proposed   PIR with respect to y axis by both 

controllers. Since the PIR does not move in vertical direction, its 

reference angular velocity with respect to y axis is 0 rad/s. Both 

controllers makes the proposed PIR have about 0.0022  rad/s at the 

inlets and the outlets of curved pipelines, (elbow), where the 

references are changed and then converge to its reference of 0 rad/s.   

However, the proposed fuzzy controller makes errors converge to 

zero faster than the conventional PI controller. Fig. 6.9 shows 
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simulation results of wheel angular velocity errors of the proposed 

PIR with respect to y axis by both controllers. The sharp changes of 

0.0022 rad/s that appear in the figures occur when the PIR is at the 

inlets and the outlets in the elbows by both controllers. Simulation 

results for the PIR linear velocity is shown in Fig. 6.10. This figure 

shows that the PIR can track the reference linear velocity of 178 

mm/s very well by both controllers. The proposed fuzzy controller 

converges to its reference faster than the conventional PI controller. 

Fig. 6.11 shows simulation results of linear velocity error by both 

controllers.  The fuzzy logic controller makes the linear velocity error 

of the proposed PIR converge to zero faster than the conventional PI 

controller. Fig. 6.12 shows the angular velocities of three wheels of 

the proposed PIR. It shows that the wheel angular velocity of wheel 1 

is same to 3.8 rad/s for the straight pipelines and elbows and 3 wheels 

have different angular velocities for the curved pipelines. The angular 

velocities in wheel 1 are 3.8 rad/s, and the angular velocities in wheel 

2 and wheel 3 are = 4.5 rad/s and =3.1 rad/s by both controllers. 

Therefore, the proposed PIR turns from the wheel 2 to wheel 3.  At 

the inlets and the outlets of the elbow, the proposed fuzzy logic 

controller makes the proposed PIR converge to the reference wheel 

angular velocities faster than the conventional PI controller. Figs. 

6.13 ~ 6.15 show the simulation results of wheels angular velocity 

errors of wheel 1, wheel 2 and wheel 3, respectively. The wheel 

angular velocity error of the wheel 1 converges to zero at about 1 

second for proposed fuzzy logic controller and at about 3 second for 

the conventional PI controller. The angular velocities of wheel 2 

show the sharp errors of  0.7  rad/s occurs in the inlets and the 

outlets of elbows and then converge to zero. The wheel 3 has the 

2 3
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reverse states of wheel 2. The proposed fuzzy logic controller makes 

the proposed PIR converges to the reference PIR  linear velocity and 

reference wheel angular velocities faster than the conventional PI 

controller. 

 

Fig. 6.6  Angular velocity of the proposed PIR with respect to x axis 
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Fig. 6.7  Angular velocity error of the proposed PIR with respect to x 

axis 
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Fig. 6.8  Angular velocity of the proposed PIR with respect to y axis 
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Fig. 6.9  Angular velocity error of the proposed PIR with respect to y 

axis 

 

Fig. 6.10  Linear velocity of the proposed PIR 
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Fig. 6.11  Linear velocity error of the proposed PIR 
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Fig. 6.12  Wheel angular velocities 
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Fig. 6.13  Wheel angular velocity error 1e   
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Fig. 6.14  Wheel angular velocity error 2e  
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Fig. 6.15  Wheel angular velocity error 3e  

6.3. Experimental results for driving control  

 This section shows the experimental results preformed to verify 

the driving control performance of the conventional PI controller and 

the proposed fuzzy logic controller for the proposed pipe inspection 

robot. The experiments are conducted by making the proposed PIR 

track the reference velocities. The experimental results show that the 

conventional PI controller and the proposed fuzzy logic controller 

enable the PIR to drive inside the pipeline successfully by tracking 

the reference velocities in horizontal straight pipeline and elbow. Figs. 

6.16 ~ 6.25 shows the reference values and the experimental results 

of the conventional PI controller and the proposed fuzzy logic 

controller for tracking the wheel reference velocities and the 
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reference PIR linear velocity inside a given pipeline. Fig. 6.16 

represents the experimental angular velocities of the proposed PIR 

with respect to x axis by both controllers. The proposed PIR moves 5 

paths such as driving in the straight pipeline  for 0 4   seconds, 

driving in the curved pipeline  for 4 8  seconds, driving  in straight  

pipeline for 8 12  seconds, driving  in the curved pipeline in the  

curved pipeline for 12 16  seconds, and driving from 16 to 20 

seconds by both controllers mentioned in section 6.2. Both 

controllers make the experimental angular velocities of the proposed 

PIR with respect to x axis track its reference angular velocities. 

However, the proposed fuzzy logic controller makes the experimental 

angular velocities of the proposed PIR with respect to x axis converge 

to its reference angular velocities faster in both straight pipeline and 

curved pipeline than the conventional PI controller. Fig. 6.17 shows 

the experimental angular velocity error of the PIR in the x axis. The 

experimental errors at the inlets and outlets of the curved pipeline 

show sharp values 0.3  rad/s by both controllers. However, the 

proposed fuzzy logic controller makes the errors converge to 0 rad/s 

faster than the conventional PI controller. 
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Fig. 6.16  Experimental angular velocity of the proposed PIR with 

respect to x axis 

 

Fig. 6.17  Experimental angular velocity error of the proposed PIR 

with respect to axis 
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 Figs. 6.18 and 6.19 represent the experimental angular velocity 

and the experimental angular velocity error of proposed PIR with 

respect to y axis, respectively. The experimental angular velocities of 

the proposed PIR with respect to y axis   show about 0.0022 rad/s for 

the proposed fuzzy logic controller in both the inlets and the outlets 

of the curved pipelines. They are with  0.009 ~  0.008 rad/s in 

straight and curved pipelines for the conventional PI controller. The 

experimental angular velocity shows 0.002 ~ 0 rad/s for the fuzzy 

logic controller and  0.008  ~ 0.009 rad/s for conventional PI 

controller. 
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Fig. 6.18   Experimental angular velocity of the proposed PIR with 

respect to y axis 
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Fig. 6.19   Experimental angular velocity error of the proposed PIR 

with respect to y axis 

 Figs. 6.20 and 6.21 show the experimental results of the linear 

velocity and the linear velocity error of the proposed PIR. The 

proposed PIR tracks also the reference linear velocity of (178 mm/s) 

at about 1 second for the proposed fuzzy logic controller, and 2 

seconds for the controller PI controller, however, the proposed PIR 

tracks reference at about 2 second has its experimental linear velocity 

of 0.178 0.006 m/s for the conventional PI controller. However, the 

proposed PIR tracks its reference at about 2 second and experimental 

linear velocity for the conventional PI controller. Fig. 6.21 shows that 

the experimental error of the proposed PIR converges to zero at about 

1 second for fuzzy logic controller and about 2 seconds for the 

conventional PI controller. Fig. 6.22 shows the experimental results 

of the wheel angular velocities of the proposed PIR by both 

controllers. The experimental wheel angular velocity of wheel 1 
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tracks its reference of 3.8 rad/s in straight pipelines and curved 

pipelines. The experimental wheel angular velocities of wheel 2 and 

wheel 3 track its reference of 4 rad/s in straight pipeline and has 4.5 

and 3.1 rad/s in curved pipeline, respectively. However, the proposed 

fuzzy logic controller makes the experimental wheel angular 

velocities of 3 wheels converge their references faster than the 

conventional PI controller. Figs. 6.23 ~ 6.25 show the wheel angular 

velocity errors of the proposed PIR by both controllers. The angular 

velocity error of wheel 1 converges to zero at about 2 seconds for the 

conventional PI controller. The angular velocity error of wheel 2 has 

0.7  rad/s at the inlets and outlets of the curved pipelines where the 

references are changed and then converge to zero.  However, the 

fuzzy controllers make the errors converge to 0 rad/s faster than   

conventional PI controller. The error of wheel 3 has the reverse state 

wheel 2. 
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Fig. 6.20  Experimental linear velocity of the proposed PIR 
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Fig. 6.21  Experimental linear velocity error of the proposed PIR 
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Fig. 6.22  Experimental wheel angular velocities 
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Fig. 6.23  Experimental wheel angular velocities error 1e   
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Fig. 6.24  Experimental wheel angular velocities error 2e   

0 2 4 6 8 10 12 14 16 18 20
-0.5

0

0.5

1

1.5

2

2.5

3

3.5

4

 

 

PI

Fuzzy

Reference

Time(s)

(r
a

d
/s

)
1

e 



86 

 

Time(s)

(r
ad

/s
)

3
e 

0 2 4 6 8 10 12 14 16 18 20
-1

-0.5

0

0.5

1

1.5

2

2.5

3

3.5

4

 

 

PI

Fuzzy

Reference

 

Fig. 6.25  Experimental wheel angular velocities error 3e  

 Fig. 6.26 shows the distance measurement data inside the pipeline 

with mm. Measured data are obtained by measuring the distance 

to pipe wall using 3 ultrasonic sensors. Measured distance values of 

the 3 ultrasonic sensors are defined as . “In” points in this 

figure represent the inlets of the curved pipelines. Therefore, through 

the experiment, this figure shows that the inlets of the curved 

pipelines have values of = 500 mm. The proposed PIR has the 

driving in straight pipeline and detects curved pipelines in its fronts 

for 0-4 seconds. By approaching the curved pipelines more,  has 

lower values. At 4 seconds, the proposed PIR acknowledges judging 

its entering the curved pipelines. It drives in the curved pipeline for 4-

8 seconds by the driving algorithm based 3 ultrasonic sensors.  In this 

case, the sensor values increase while the proposed PIR passes 

htuorht the curved pipeline. For 8-12 seconds, the proposed PIR 

300

, ,p q rI I I




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passes through the curved pipeline, pass through straight pipelines, 

and detects the curved pipeline in its front and the sensor value 

decreases gradually.  For 12-16 seconds, the proposed PIR re-drives 

in the curved pipelines.  After 16 seconds, because there is no curved 

pipeline and no wall in its front, the sensor value is not changed.    

When the proposed PIR enters the curved pipeline at 4 seconds and 

12seconds, the values of 3 ultrasonic sensors have . It 

means that the direction of the curved pipe is the same direction of . 

 

Fig. 6.26  Experimental ultrasonic sensor data ( ,  ,  )p q rI I I   

 Fig. 6.27 shows driving  presses with 5 steps mentioned in section 

6.2 of the such as  straight pipeline  (a) → elbow (b) →  straight 

pipeline  (c) → elbow (d) → straight pipeline.  (a)  shows the straight 

driving process in straight pipeline by controlling so that 3 wheel 

velocities of the  proposed PIR are same. In (b), the proposed PIR 

acknowledges entering the curved pipeline through the ultrasonic 

p q rI I I 

qI

Straight Curve Straight Curve

Straight
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sensors and the 3 ultrasonic sensors is used to check the curvature 

and the direction of the curved pipe.  In (c), the velocity of each 

wheel is calculated to pass through the curved pipe smoothly by the 

proposed driving algorithm and the velocity of each wheel is 

controlled to track the calculated velocity by the proposed driving 

algorithm   using the fuzzy logic controller. In (d), the proposed PIR 

has passed through the curved pipeline and drives straight pipelines 

with controlling the velocities of 3 wheels to be same.  In (e) → (f), 

the (a) ~ (d) processes are repeated to drive the curved pipeline. 

Experimental results show that smooth driving inside the straight 

pipelines and the curved pipeline was possible and the performance 

of the proposed controller is verified. At these times, the proposed 

PIR can drive stably with keeping the pressing force to the inner wall 

of pipelines by the active module and the passive module. 

 

Fig. 6.27  Driving experiments in the pipeline 
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6.4. Driving test result using the fuzzy logic controller 

 Fig. 6.28 shows images taken by the camera sensor while the 

proposed PIR drives inside the given pipeline using the fuzzy logic 

controller.  (a) shows the image of the inner wall state taken  by  the 

camera  sensor at the inlets of pipelines. (b) shows   the image  the 

image of state curved pipeline taken  by  the camera  sensor and it  

means that  the proposed  PIR  enters  the curved pipeline.  (c)  shows 

the image of the inner wall state  of  the curved pipeline. (d) shows 

the image taken by the camera sensor  while the proposed  PIR drives 

inside curved pipeline  just before the proposed PIR leaves  the 

curved pipeline. Finally, (e) shows the image taken by the camera 

sensor when the proposed PIR meets the straight pipeline. 

 

Fig. 6.28     Images of the pipeline state taken by the camera sensor 

during driving test 

  

(a) (b) (c)
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Chapter 7. Conclusions 

7.1. Conclusions 

This thesis proposed two controllers such as a diameter tracking 

controller for a wheeled type of pipe inspection robot to adjust its 

diameter automatically and a driving controller to drive to inside the 

pipelines with diameters from 300 to 500 mm using a fuzzy logic 

controller and a conventional PI controller.  Conclusions of this thesis 

were summarized as follows:  

 The developed PIR consisted of two modules, namely active 

module and passive module, and universal joint for the connection 

of two modules. It had 7 DC motors such as 3 driving DC motors 

for active module, 3 driving motors for passive module and one 

expansion DC motor for expanding 4-bar linkage in active module 

and spring in passive module for generating pressing force toward 

the wall of a pipeline. 

 Kinematic modeling of 4-bar linkage of the active module and 

dynamic modeling of the expansion DC motor to track the 

reference diameter are proposed. In addition, kinematic modelings 

of the proposed PIR are proposed and dynamic modelings of the 

driving DC motor for driving inside the pipelines are proposed. 

 Because it’s active module enabled the proposed PIR to 

automatically adjust its radial dimension between 150-250 mm to 

attach to the inner wall pipelines with different inner diameters. It 

could travel through pipelines with varying inner diameters. 

 A driving algorithm was proposed for the developed PIR to drive 

smoothly inside the curved pipeline. The driving algorithm was to 
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decide 3 reference wheel  angular velocities and reference PIR 

linear velocity by measuring the distances to inner wall  using  3 

ultrasonic sensors to calculate the curvature  and  the direction  of  

the curved  pipeline. 

 A conventional proposed PI controller and a fuzzy logic controller 

based on the kinematic modeling of the 4-bar linkage and the 

dynamic modeling of expansion the DC motor are designed for the 

proposed PIR to track given reference diameters of pipelines with 

different diameters by making the tracking errors. 

 The hardware structure and software for a control system of the 

proposed PIR developed to implement the proposed controllers 

was described. The system was comprised of mechanical part 

design such as bodies of the active module and passive module 

and 6 wheel configurations and electronic part design such as 

industrial, DC motors, encoders, batteries, microcontroller AVR 

Atmega128, and Atmega8, motor drivers, angle sensor, ultrasonic 

sensors, and wireless camera. The developed GUI software 

program to control the developed PIR was described. 

 Simulations were conducted to verify the effectiveness 

performances of the proposed two diameter controllers such as a 

fuzzy logic controllers and conventional PI controller. However, 

the simulation result should that the fuzzy logic controller made 

radii of the developed PIR converge to reference radii faster than 

that of conventional PI controller to track given reference 

diameters 0.15 m, 0.2 m, 0.25 m of pipelines. At the inlets and the 

outlets of the curved pipelines where the references were changed, 

they had sharp values and then converged to their references. In 

addition, simulations were conducted to verify the effectiveness of 



92 

 

the proposed two driving controllers such as a fuzzy logic 

controller and a conventional PI controller. The simulation results 

showed that the proposed two controllers could make the 

developed PIR follow its reference velocities obtained from the 

proposed driving algorithm inside a given pipeline in the 

experimental environment with horizontal straight and curved 

pipelines with different diameters and elbows. However, 

simulation results showed that the proposed fuzzy logic controller 

made the angular velocities of 3 wheels and the PIR linear velocity 

track its reference wheel velocities and its linear velocity faster 

than the conventional PI controller. The simulation result of the 

angular velocity of the proposed PIR with respect to x axis tracked 

0.39 rad/s in elbow and 0 rad/s in straight pipeline well by both 

controllers.  

 The angular velocity with respect to y axis tracked its reference of 

0 rad/s and its errors showed 0.0022 rad/s. The linear velocity of 

the proposed PIR tracked its reference of 178 mm/s by both 

controllers. The angular velocities of 3 wheels tracked their 

references of 3.8 rad/s in straight pipelines and 
1 3.8   rad/s, 

2 4.5   rad/s, 
3 3.1   rad/s in curved pipelines well by both 

controllers. However, the fuzzy logic controller tracked their 

references faster than the conventional PI controller. Thus, the 

overall results showed that the simulations tracked the reference 

values well by both controllers. 

 Experimental results were to verify the performance of two 

controllers such as the proposed fuzzy logic controller and 

conventional PI controller for the developed PIR to track its 
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reference wheel velocities and its reference linear velocity 

obtained from the proposed driving algorithm inside a given 

pipeline with different diameters combined straight pipeline and 

elbows. The angular velocity of the proposed PIR with x axis 

tracked its reference of 0.39 rad/s by both controllers and the 

angular velocity of y axis was bounded within 0.008 ~ 0.0009  

rad/s and its error was bounded within 0.009 ~ 0.008 rad/s in 

straight and curved pipelines for the conventional PI controller. 

The angular velocity of the proposed PIR with respect to y axis for 

the fuzzy logic controller was bounded near 0 rad/s in straight 

pipelines, and had sharp edges of 0.0022 rad/s and then converges 

to zero. Both controllers enabled the PIR to drive inside the 

pipeline successfully by tracking the reference velocities in 

horizontal straight pipeline and elbow and the linear velocity of 

the PIR for the fuzzy controller converged to its reference of 0.178 

m/s at 1 second and its linear velocity was bounded within 0.178

0.006 m/s for the conventional PI controller. The experimental 

angular velocities of 3 wheels tracked their references in straight 

pipelines and curved pipelines well by both controllers. The 

angular velocity of wheel 1 tracked its reference of 3.8 rad/s in 

straight and curved pipelines, and the angular velocities of wheel 2 

and wheel 3 tracked their references of 4.5 rad/s and 3.1 rad/s in 

curved pipelines, respectively. Therefore, the experimental results 

tracked their references well. 

 Finally, the applicability and effectiveness of the developed PIR 

were verified by taking image of the inner state of pipelines in real 

time during the pipe inspection.  



94 

 

 The developed PIR of developed in this thesis are expected to be 

able to contribute to the inspection of pipelines  used in a variety  of 

industrial applications such as power plant, and ocean  plant, etc. 

 

7.2. Future Works 

 The future works for this thesis are as follows: 

 Apply small window algorithm to reduce the noise to get the 

image data. 

 Propose a compressive force generative algorithm, an 

observer from compressive force and an observer-based 

controller. 
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