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Abstract 

This thesis presents the control system for two-wheeled robot vehicles with an 

extendable payload. The robot structure is based on a double inverted pendulum 

mechanism. The system comprises five degrees of freedom (left wheel, right wheel, first 

link, second link, and movable payload). The vehicle has the ability to lift the payload 

to the demanded height, which provides more flexibility further, ensuring comfortability 

and protection for users with maintaining system stability while manoeuvring in 

different environments. 

The dynamic model of the system is derived using the Euler-Lagrange equations. Since 

the model is strong coupling and nonlinear, it posed challenges for controlling the parts 

of the system, including the upright balancing of the intermediate body and angular 

displacement of the wheels and lifting the payload to the demanded height. 

Various control methods are adopted to study the system stabilisation of the two-

wheeled robot vehicle. The first is a combination of Proportional Integral Derivative 

(PID) and Proportional Derivative (PD) techniques that were tuned manually to develop 

the stabilisation behaviour of the designed model. The second is the Fuzzy Logic 

Control (FLC) system. The third control technique is the hybrid control system 

comprising PID-PD and FLC structure. The PID and PD assist in achieving stable 

response, but with higher control effort exerted by the wheels motors that reach more 

than 300N.m. It nevertheless remains essential to decrease the exerted control effort to 

stabilise the system. The reduction of the controller's efforts was noticed in all system 

parts with a stable response when a system is designed with a fuzzy logic controller with 

a significant decrease in the left and right wheels motors less than 45N.m. Then a hybrid 

control system combined PID, PD, and FLC were designed to improve the system's 

overall response without affecting the system stability. 

A comparative assessment based on the system specifications, including settling time, 

rise time, overshoot, peak time, and steady-state error, is presented to obtain the best 

controllers for the proposed system.    



The robustness of the control system was tested by applying disturbance forces with 

different amplitudes, and the maximum disturbance force applied was 350N at each part 

of the robot vehicle to study the control system's ability to cope with various forces 

applied. 

The simulation of the two-wheeled robot vehicle with a movable payload designed with 

different control systems is implemented using MATLAB/Simulink environment. 
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Figure 5. 8: The control system effort with disturbance forces applied on the second link.
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Nomenclature 

 

 

 

 

 

 

Variables and 

Units 

Description 

𝐋𝐌(𝐭)(m) Distance from the centre of mass to the payload 

𝐋𝟐𝐮(𝐭)(𝒎) Distance from the centre of mass to the upper part of 2nd link 

𝐋𝐚(𝒎) Linear actuator position 

𝐋𝟏(𝒎) The half length of the 1st link 

𝐇(𝒎) Distance between two wheels 

𝐐(𝐦) The linear actuator displacement 

𝐌𝟏(𝑲𝑮) Mass of the 1st link 

𝐌𝐦(𝑲𝒈) The motor mass that driving the 2nd link 

𝐌𝟐𝐥, 𝐌𝟐𝐮(𝑲𝒈) The lower-upper parts mass of the 2nd link 

𝐌𝐚(𝑲𝒈) Linear actuator mass 

𝐌(𝑲𝒈) Mass of the payload 

𝐌𝒘(𝑲𝒈) Mass of the wheels 

𝐓𝐑 , 𝐓𝐋(𝑵. 𝒎) Torques driving left-right wheels 

𝐓𝐦(𝑵. 𝒎) The motor torque 

𝐅𝐚(𝑵) The linear actuator force 

𝐅𝐟(𝑵) The linear actuator frictional force 

𝐅𝐝(𝑵) The external force 

𝛉𝟏(𝒓𝒂𝒅) The angle of the 1st link 

𝛉𝟐(𝒓𝒂𝒅) The angle of the 2nd link 

∅(𝒓𝒂𝒅) The angle measured around the 𝑍-axis 

𝛅𝐑 , 𝛅𝐋(𝒎) The angular displacement of both wheels 

𝐉𝟏(𝑲𝒈. 𝒎𝟐) Mass-moment of inertia of the 1st link 

𝐉𝟐𝐮, 𝐉𝟐𝐥(𝑲𝒈. 𝒎𝟐) Mass-moment of inertia of the 2nd link upper-lower parts 

𝐉𝐚(𝑲𝒈. 𝒎𝟐) Mass-moment of inertia for the actuator 

𝐉𝐌(𝑲𝒈. 𝒎𝟐) Mass-moment of inertia for the payload 

𝐉𝐰(𝑲𝒈. 𝒎𝟐) Mass-moment of inertia for both wheels 

𝐉𝐈𝐁(𝑲𝒈. 𝒎𝟐) Mass-moment of inertia for the intermediate body 
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Chapter One 

Introduction 

1.1 Overview 

In recent years, the interest in studying the inverted pendulum (IP) systems has increased 

due to system complexity and non-linearity [1] [2] [3]. Many robots operate on the 

principle of an IP system and used in many applications. The two-wheeled robot vehicles 

one of the IP system applications became a standard topic for researchers and engineers 

because of the control system challenges [4] [5] [6]. The IP system plays a vital role as a 

benchmark in control system engineering. This role is due to its high complexity, non-

linearity, and strong-coupling model [7] [8]. A two-wheeled robot vehicle has the exact 

specifications as an IP structure due to the unbalanced of the system. Previous research has 

reflected the development of many applications based on the inverted pendulum system, 

including the design of a classical pendulum on a cart [9] [10] [11] [12]. The field of this 

study attractive many researchers for many reasons involve: (1) Enable evolution of motion 

problems for a two-wheeled robot based on double IP with movable payload; (2) It is 

considered a principle to test various control techniques and a basis to develop multiple 

applications such as advanced personal transporters and balancing two-wheelchairs. 

1.2 Problem Statement  

Currently, the problem of balancing an inverted pendulum is used as a benchmark for the 

control algorithms, which is one of the most widely used for under-actuated systems. The 

system becomes more complicated with increased links that increase the degrees of 

freedom and the complexity of the system. The multi links systems present challenging 

and control problems such as double inverted pendulum [2] [13] [14] and triple inverted 

pendulum [15] [16] [17]. 

Due to the system complexity, the multi links systems provide helpful testbeds for 

evaluation, validation, and comparison between different control techniques. Studying 

such systems enables many researchers to design controllers for inverted pendulum 

systems. There have been many research papers that have focused on the applications based 
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on inverted pendulum systems. The Segway robot [18] [19] is a two-wheeled mobile robot 

used as human transport that is considered one of the most critical applications of the IP 

systems [20]. Wheelchairs on two wheels helped the person to reach the extended height, 

which is very complicated in modelled and controlled due to independent mobility that can 

be used by disabled people and becoming a necessary part of their lives [5], furthermore 

the flying inverted pendulum is one of IP system applications [21]. These applications and 

others provide a highly designer challenge because of the system's imbalanced and unstable 

nature. 

This work presents the modelling and controlling of the two-wheeled robot vehicle with 

two links. The vehicle was designed with a movable payload that expanded the system 

degrees of freedom, attached to the intermediate body, increasing system complexity and 

non-linearity. The robot vehicle can extend the payload to the required height and achieve 

the desired motion while keeping the two links at the upright position. The research 

investigated and implemented different control approaches to confirm the complexity and 

highly non-linearity of the two-wheeled vehicle. 

1.3 Objectives of the Study 

This research aimed to design various control systems for stabilising a two-wheeled robot 

vehicle with a movable payload based on the concept of double links inverted pendulum.  

The following objectives can be summarised as follows: 

• To simulate and analyse the open loop response and test the system's behaviour by 

applying different input signals on the payload actuator. 

• To design different controllers that enable the stabilising and balancing of the system.  

• To validate the control system's stability by applying various force input signals.  

• To evaluate the robustness of the controller for stabilising the system and rejecting 

external disturbances applied separately on each part of the robot vehicle. 
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1.4 Research Methodology 

• Reviewing and understanding most related papers in the field of inverted pendulum 

systems and their applications, controlled with different control techniques.  

• The Euler-Lagrange modelling approach was used to derive the mathematical model 

for minimising the complexity of the robot vehicle with five degrees of freedom. 

• The system of the robot vehicle simulated and verified using MATLAB/Simulink 

environment.  

• Design different control techniques further evaluate the system performance in terms 

of the system response characteristics. 

• Finally, test the system robustness by applying external disturbance with different 

amplitudes on the two-wheeled robot vehicle with a movable payload.  
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1.5  Thesis Layout 

Chapter 2 begins with relevant reviews of inverted pendulum systems with single and 

multiple links and their applications further focuses on different control systems used for 

the system stabilisation.   

Chapter 3 presented the system description and the mathematical model of the two-

wheeled robot with a movable payload capable of manoeuvring on flat surfaces, including 

the equation's derivation using the Euler Lagrange approach. The system motion 

introduced five non-linear differential equations due to the system's five degrees of 

freedom moving on flat surfaces.    

Chapter 4 tests the system performance and different control system techniques designed 

for system stabilisation. The controller types used include PID-PD, FLC, and hybrid 

controllers (PID, PD, and FLC). Furthermore, a comparative study presented the proposed 

control systems regarding the responses characteristics and control effort. 

Chapter 5 evaluates the proposed model's system robustness by applying external 

disturbances with different amplitudes.  

Chapter 6 summarises and evaluates the study's findings, explains the study's 

contributions, and provides suggestions for future work. 
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Chapter Two 

Literature Review 

2.1 Introduction 

This chapter reviews the relevant work of the study based on the IP system and associated 

with under-actuated control systems. The presented works of literature based on the IP has 

focused on different control systems and embedding various control techniques. Several 

works of literature described single, double, and triple inverted pendulum systems.  Many 

applications based on inverted pendulum systems, were used to facilitate difficulties faced 

the human. The researchers have been implemented various control techniques concerning 

inverted pendulum systems focused on designing a control system to solve the problems 

of system stabilisation. Some of them focused on tracking controllers while others designed 

the balancing and stabilisation controllers for the upright balancing.  

2.2 Literature Review 

There have been many studies that have established the dynamic model of the inverted 

pendulum system. Some authors have presented the Lagrange equation of motion using 

kinetic and potential energy. Researchers published papers describing the dynamics of the 

IP systems using the Lagrange equation for modelling complex, non-linearity, and strong 

coupling systems such as F Phelps et al. (1965) [22], Z Lijuan et al. (2006) [23], and J 

Wu et al. (2021) [24]. 

 

K Furta et al. (1980) [25] have presented double IP on an inclined rail. An optimal control 

system based on servo control theory is designed for the proposed model. The experimental 

results have proven effectiveness for the model within an inclined angle. Furthermore, the 

results match with linearized model simulation. Several researchers have examined double 

IP systems, such as H Niemann and J Poulsen (2005) [26], V Mohan et al. (2017) [27]. 

 

W chen et al. (1998) [28] designed a fuzzy logic control system of an inverted pendulum. 

The simulation results evaluate the fuzzy logic controller and compare it with the 

conventional controller. The fuzzy controller successfully kept the pole upright under 
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different conditions and improved the performance compared to the conventional 

controller.  

 

J Yi and N Yubazaki (2000) [1] introduced a control strategy using FLC for stabilising 

the inverted pendulum on a cart. The proposed controller is executed in parallel to control 

the pendulum angle's position and the cart's motion. According to the simulation results 

show that the control system can stabilise a wide range of the inverted pendulum within 

9s. 

 

J Wang (2001) [29] the researcher applied PID for inverted pendulum system stabilisation. 

The proposed controller is designed with three types of inverted pendulum starting with 

one PID, two, and three PID controllers design. The simulation results explain that the 

three types of the inverted pendulum are very powerful and successfully stabilise the 

system with good performance and provide robustness to the large and fast disturbance. 

 

A Delibasi and I Kucukdemiral (2007) [30] this paper presented a robust PID controller 

for double inverted pendulum on cart stabilisation. The goal of the control system used is 

to make the cart move horizontally while the double links of the intermediate body are 

balanced at the upright position. The experimental results show that the PID controller 

successfully stabilised the model and rejected the applied external disturbance. 

 

Some researchers have utilized a two-wheeled mobile robot based on IP systems such as J 

Li et al. (2008) [31], Z Guo et al. (2014) [32], S Kim and S Kwon (2015) [6]. 

T Ren et al. (2008) [33] have presented motion control of two-wheeled mobile robots. 

Researchers proposed a PID controller tuned automatically for the system stabilisation and 

following the desired motion. The simulation results illustrate the effectiveness of the 

control system. 

 

K M Goher et al. (2011) [34] proposed a two-wheeled robot vehicle with an intermediate 

body based on an inverted pendulum system with a virtual payload. The system is 

controlled with two types of controllers, including the conventional PD and hybrid fuzzy 
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controller with PD. The two control techniques successfully stabilised the proposed model. 

An external disturbance is applied, which affect the balancing of the intermediate body. 

The design of the control systems successfully deals with unexpected external 

disturbances. 

 

A Yadav et al. (2011) [35] authors used PID and a different combination of a fuzzy logic 

controller for controlling the inverted pendulum. The simulation results of the PID and 

fuzzy successfully stabilised the pendulum angle. The fuzzy and PD was better than the 

PID controller. Moreover, the combination of fuzzy PD+I is approximately the same as 

fuzzy PD+PID. The control system fuzzy PD+PID improved the settling time by 37.5%, 

which explains that this controller gives better performance when compared with other 

combinations of fuzzy controllers to stabilise the inverted pendulum. 

 

J Wu and W Zhang. (2011) [36] have proposed a two-wheeled self-balancing robot 

vehicle based on an inverted pendulum system. The system used pole placement and fuzzy 

logic controllers, and both controllers provide good stability for the model with a short 

settling time and low overshoot. The fuzzy logic control system obtains better dynamic 

performance and can successfully achieve self-balance control of the model and prevent 

the robot from falling down. 

 

A.M. Almeshal et al. (2012) [37]  used PID-PD and hybrid controllers, including FLC+PD 

and FLC+PID, to stabilise the two-wheeled robot vehicle and an intermediate body 

comprised of two links based on a double inverted pendulum with movable payload. The 

control systems approaches stabilised the robot vehicle. An external disturbance force with 

80N was applied on the tilt angles of both links to test the intermediate body stability. The 

system successfully copes with external disturbance. However, the hybrid controllers 

showed improved simulation results than the PID-PD controllers. 

 

A. M. Almeshal et al. (2012) [38] have designed a hybrid fuzzy logic control strategy to 

balance the two-wheeled robot vehicle with two links attached to a movable payload based 

on a double IP system. The authors applied disturbance force with different amplitudes on 
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the first and second links of the intermediate body. The maximum disturbance applied is 

300N. The simulation results have been proven the robustness of the controllers to 

overcome the external disturbances. 

 

F.Dai et al. (2014) [39] this research is about a two-wheeled robot moving on a sloped 

surface. The presented model was designed with two degrees of freedom, one for the 

robot's centre of gravity moved forward and backwards. The other one can tilt the robot 

body in the vertical plane when the robot spins quickly. Two PID controllers ensure that 

the robot body is stabilised at the upright position and rejected the external disturbances 

are applied. Simulation results show that the robot can move on a sloped surface with a 

small pitch angle. 

 

A triple IP system presented by H G Kamil et al. (2015) [40] where the authors have 

designed a robot gymnast with three joints. The proposed model mimics the acrobat with 

two DC motors at the shoulders and hip joints. Researchers employed an optimisation 

technique include the Bees Algorithm to select the robot gymnast's optimal parameters to 

control the swing from down to the upright situation. The simulation results successfully 

achieve the robot gymnast's faster and smoother swing up. In a similar vein H G Kamil et 

al. (2017) [41] proposed controlling of three links robot manipulator. The main challenge 

is to pose the three links at the upright position. The study's main strength is the quick time 

to reach the upright position. 

 

M Shehu et al. (2016) [42] proposed a single-link IP system on a cart. Researchers 

proposed to design three controllers for upright stabilisation and tracking controls of the IP 

system. PID, LQR and pole placement are proposed. System simulation results illustrated 

the performance of the control systems in terms of system characteristics and disturbance 

rejection. 

 

A Kharola (2016) [43] this paper presents a two-wheeled inverted pendulum robot 

controlled using a fuzzy logic controller. The model is comprised of a chassis mounted on 

two movable wheels. The fuzzy logic controller shows excellent performance in terms of 
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system characteristics. The controller of the wheels controls the system within 9s and has 

zero steady-state error. 

 

P Patil et al. 2016 [44] this paper introduced stabilisation and controlling inverted 

pendulum on cart moving on an inclined surface. The control systems used are the PID 

controller and fuzzy logic controller and compared between the two controllers in terms of 

system specifications, including settling time, overshoot, and steady-state error. The 

simulation results obtained good results in both controllers, but better performance is 

shown in the PID controller over the fuzzy logic controller. 

 

S Shubhank et al. (2017) [45] have used a PID control strategy for the self-balancing 

robot. The robot with a two-wheeled vehicle based on an inverted pendulum system. The 

proposed control system, maintain self-balancing the robot and moving forward further 

rejected external disturbances. This model can be used in several applications, including 

healthcare, agriculture fields, airports, and intelligent robot guide. 

 

R Eini et al. (2018) [46] researchers have proposed a paper about controlling a rotational 

IP system designed with an adaptive Fuzzy Logic Controller (FLC). The adaptive FLC is 

considered efficient due to the wide range of the system associated with uncertainties. 

Simulation results had shown that the adaptive FLC performed efficiently for stabilising 

the IP system. 

 

K Pankaj et al. (2018) [47] have represented a comparative study of various control 

systems used for balancing the IP system. A Proportional Derivative, Fuzzy Logic 

Controller, Neural Networks, and Adaption based Neuro-Fuzzy Inference System are all 

used to balance the IP. The simulation results illustrated that the Fuzzy controller and Neural 

Networks respond better than the PD controller regarding settling time and peak overshoot. 

This method demonstrated the effectiveness over competing methods accordingly combined 

the advantages of Fuzzy controller and Neural Networks. 
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I Siradjuddin (2018) [48] were proposed an underactuated and highly unstable inverted 

pendulum on a cart. The authors derived the mathematical model using the Euler Lagrange 

equation. A PID control system used for the system stabilisation and the control system 

parameters has been chosen the appropriate values to ensure the system's stability. From 

the simulation results, the pendulum reaches the desired position within 2s; further, the cart 

response settles less than 4s. 

A Zimit et al. (2018) [49] this research is about self-balancing two-wheeled robot vehicles. 

The researcher used a PID controller to balance the robot at the upright position and follow 

the trajectory path. The mathematical model of the robot was developed by using the Euler 

Lagrange equation. The experimental results have shown the successful performance of 

the control system used with low cost and flexible design. 

 

M Heidar et al. (2021) [50] this paper provides a hybrid control system that combines 

fuzzy and PD controllers to stabilise the inverted pendulum system on a cart. The hybrid 

control system controls the displacement of the cart and the pendulum angle. The 

simulation results obtained acceptable performance for the control system used in 

stabilising the motion of the inverted pendulum. 

 

N Nguyen et al. (2021) [51] they proposed a nonlinear hybrid controller for stabilising a 

rotary inverted pendulum system that guarantees faster swing up and good stabilisation 

performance. The hybrid control system combined the fuzzy- Linear Quadratic Regulator 

approaches to derive the arm at zero position and simultaneously stabilise the pendulum at 

the upright position. The experimental results have shown the effectiveness of a nonlinear 

hybrid controller system. 

 

These works of literature review and understand the most related papers in the field of 

inverted pendulum systems and their applications, controlled with different control 

techniques, including PID, FLC, and hybrid control systems. The literature has proven the 

effectiveness of the proposed control systems used in the inverted pendulum system and 

their applications.   
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Chapter Three 

System Description and Mathematical Modelling 

3.1 Introduction 

This chapter presents the system description and the mathematical model of a two-wheeled 

robot vehicle with a movable payload. The robot vehicle is capable of manoeuvring on flat 

surfaces. The two-wheeled robot vehicle with double joints is a complex coupled system 

and it's very difficult to achieve system stabilisation. The main fundamental issues with 

this study are the ability to control the movement of the two-wheeled robot vehicle with 

movable payload by determining the system mathematical equations, analyse and 

controlling the motion. The system equations of motion were derived using the Euler 

Lagrange of motion to determine the system dynamics.  

In this study, the model comprises two wheels and two links with a movable payload that 

can be lifted to demand height. The movable payload provides the system flexibility and 

increases the system's complexity. 

The system performance was investigated using five non-linear differential equations and 

examined if the proposed model required a controller for the proposed model stabilisation. 

Section 3.2 presents a description of the proposed system with schematic diagrams 

illustrating the two-wheeled robot's main parts. Section 3.3 explains the mathematical 

model derivation of the robot vehicle when moving on flat surfaces. Section 3.4 analyses 

and investigates system performance behaviour with different input signals.  
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3.2 System Description 

This section explains the system description with a schematic diagram of the proposed 

model shown, in Figure 3.1. The system consists of two wheels and an intermediate body 

comprised of two links connected to the payload that can move to the demanded height. 

The robot vehicle drives these wheels using two DC motors, with a further motor driving 

the second link; these motors help the system be stabilised at the upright position. A single 

actuator in the middle of the second link of the intermediate body lifts the payload to the 

required height. The robot vehicle thus has five Degrees of Freedom (DOF): the 

translational motion of the two wheels, the two links of the system, and the movable 

payload linear actuator. The angles of both links, the first being 𝜽𝟏 and the second 𝜽𝟐 , 

were measured from the 𝒁-axis, representing the intermediate body being in the upright 

position or inclined to only a small degree, depending on the controller design. 𝑸 is the 

linear displacement of the payload measured from the 𝑶𝟐 position along with the second 

link. The vehicle moves linearly in the 𝑿𝒀 plane due to the angular displacement of both 

wheels, the left 𝜹𝑳 and the right 𝜹𝑹. These are the main five parts of the two-wheeled robot 

vehicle [37].  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3. 1: The schematic diagram of the robot vehicle. 
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3.3 System Mathematical Modelling  

The mathematical modelling of the system was derived using the Euler Lagrange equation. 

Many researchers described the dynamics of the applications based on IP systems using 

the Lagrange equation due to modelling complex, non-linearity, and strong coupling 

systems [22][23] [24]. This method offers a simple approach to determining a complex 

systems model [23] [52]. The Lagrange equation employs both kinetic energy and potential 

energy that are solved for motion [53] using an equation as follows: 

𝑑

𝑑𝑡
(

𝜕𝐿

𝜕𝑞𝑖
) −

𝜕𝐿

𝜕𝑎𝑖
= 𝑄𝑖 

Where: 

𝐿 = 𝑇𝑇 − 𝑉𝑇  The Lagrange function. 

𝑄𝑖 = The force vector. 

𝑞𝑖 = The coordinate vector. 

𝑇𝑇 = The total kinetic energy. 

𝑉𝑇 = The total potential energy. 

The system has five degrees of freedom, so the selected coordinates are: 

𝑞𝑖 = [𝛿𝐿     𝛿𝑅      𝜃1      𝜃2     𝑄] 

The force vector is defined as: 

𝑄𝑗 = [𝑇𝐿𝑇     𝑇𝑅𝑇     0.5(𝑇𝐿𝑇+𝑇𝑅𝑇)     𝑇𝑀𝑇     𝐹𝑎𝑇]  

Where: 

𝑇𝐿𝑇 = 𝑇𝐿 − 𝑇𝑓𝐿 

𝑇𝑅𝑇 = 𝑇𝑅 − 𝑇𝑓𝑅 

𝑇𝑀𝑇 = 𝑇𝑀 − 𝑇𝑓𝑀 

(3.1) 

(3.2) 

(3.3) 

(3.4) 

(3.5) 

(3.6) 
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𝐹𝑎𝑇 = 𝐹𝑎 − 𝐹𝑓𝑎 

𝑇𝑓𝐿 = The frictional moments of the left wheel. 

𝑇𝑓𝑅 = The frictional moments of the right wheel. 

𝑇𝑓𝑀 = Frictional moments of the intermediate body. 

𝐹𝑓𝑎 = Actuator frictional force. 

The expressions of total kinetic energy and total potential energy are: 

𝑇𝑇 = 𝑇1 + 𝑇2𝑙 + 𝑇2𝑢 + 𝑇𝑚 + 𝑇𝑎 + 𝑇𝑀 + 𝑇𝑐 + 𝑇∅  

𝑉𝑇 = 𝑉1 + 𝑉2𝑙 + 𝑉2𝑢 + 𝑉𝑚 + 𝑉𝑀 + 𝑉𝑎  

The derivative of kinetic energy can be observed as follows:  

𝑇1 =
1

2
𝑀1 ((

𝑅𝑤

2
(�̇�𝐿 + �̇�𝑅) + 𝐿1�̇�1 cos 𝜃1)

2

+ (𝐿1�̇�1 sin 𝜃1)
2

) +
1

2
𝐽1𝜃1

2̇  

𝑇𝑚 =
1

2
𝑀𝑚 ((

𝑅𝑤

2
(�̇�𝐿 + �̇�𝑅) + 2𝐿1�̇�1 cos 𝜃1)

2

+ (𝐿1�̇�1 sin 𝜃1)
2

) +
1

2
𝐽𝑚𝜃1

2̇  

𝑇2𝑙 =
1

2
𝑀2𝑙 ((

𝑅𝑤

2
(�̇�𝐿 + �̇�𝑅) + 2 𝐿1�̇�1 cos 𝜃1 + 𝐿2𝑙�̇�2 cos 𝜃2)

2

+ (2 𝐿1�̇�1 sin 𝜃1 +

 𝐿2𝑙�̇�2 sin 𝜃2)) +
1

2
𝐽2𝑙𝜃2

2̇   

𝑇𝑎 =
1

2
𝑀𝑎 ((

𝑅𝑤

2
(�̇�𝐿 + �̇�𝑅) + 2 𝐿1�̇�1 cos 𝜃1 + 𝐿2𝑙�̇�2 cos 𝜃2)

2

+ (2 𝐿1�̇�1 sin 𝜃1 +

2𝐿2𝑙�̇�2 sin 𝜃2)
2

) +
1

2
𝐽𝑎𝜃2

2̇  

𝑇2𝑢 =
1

2
𝑀2𝑢 (𝑄2̇ (

𝑅𝑤

2
(�̇�𝐿 + �̇�𝑅) + 2 𝐿1�̇�1 cos 𝜃1 + 2𝐿𝑢(𝑡)�̇�2 cos 𝜃2)

2

+ (2 𝐿1�̇�1 sin 𝜃1 +

𝐿2𝑢(𝑡)�̇�2 sin 𝜃2)
2

) +
1

2
𝐽2𝑢𝜃2

2̇  

(3.7) 

(3.8) 

(3.9) 

(3.10) 

(3.11) 

(3.12) 

(3.13) 

(3.14) 
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𝑇𝑀 =
1

2
𝑀 (𝑄2̇ (

𝑅𝑤

2
(�̇�𝐿 + �̇�𝑅) + 2 𝐿1�̇�1 cos 𝜃1 + 2𝐿𝑀(𝑡)�̇�2 cos 𝜃2)

2

+ (2 𝐿1�̇�1 sin 𝜃1 +

𝐿2𝑀(𝑡)�̇�2 sin 𝜃2)
2

) +
1

2
𝐽𝑀𝜃2

2̇  

𝑇𝑐 = (𝑀𝑤𝑅𝑤
2 + 𝐽𝑤)(𝛿𝐿

2̇ + 𝛿𝑅
2̇)  

𝑇∅ =
1

2
(2𝐽𝑤 + 𝐽𝐼𝐵)∅2̇  

Simplifying the total kinetic energy is expressed as: 

𝑇𝑇 =  𝐶21(𝛿𝐿
2̇ + 𝛿𝑅

2̇) + 𝐶22�̇�𝐿�̇�𝑅 +
1

2
𝐶8𝑄2̇ +

1

2
𝐶16∅̇2 + 𝐶18𝜃1

2̇ +
1

2
(𝐶20 + 𝐶12𝑄 +

𝐶8𝑄2)𝜃2
2̇ + 𝐶9

𝑅𝑤

2
𝐿1�̇�1(�̇�𝐿 + �̇�𝑅) cos 𝜃1 +

𝑅𝑤

2
(𝐶10 + 𝐶8𝑄)(�̇�𝐿 +

�̇�𝑅)�̇�2 cos 𝜃2 + 2 𝐿1(𝐶10 + 𝐶8𝑄)�̇�1�̇�2cos(𝜃1 − 𝜃2)  

The Potential energy of the system is expressed as: 

𝑉1 = 𝑀1 𝑔𝐿1 𝑐𝑜𝑠𝜃1  

𝑉𝑚 = 2𝑀𝑚1 𝑔𝐿1 𝑐𝑜𝑠𝜃1  

𝑉2𝑙 = 𝑀2𝑙𝑔(2𝐿1 𝑐𝑜𝑠𝜃1 + 𝐿2𝑙 𝑐𝑜𝑠𝜃2)  

𝑉2𝑢 = 𝑀2𝑢 𝑔(2𝐿1 𝑐𝑜𝑠𝜃1 + 2𝐿2𝑢(𝑡) 𝑐𝑜𝑠𝜃2)  

𝑉𝑎 = 𝑀𝑎 𝑔(2𝐿1 𝑐𝑜𝑠𝜃1 + 2𝐿2𝑙 𝑐𝑜𝑠𝜃2)  

𝑉𝑀 = 𝑀𝑔(2𝐿1 𝑐𝑜𝑠𝜃1 + 2𝐿2𝑀(𝑡) 𝑐𝑜𝑠𝜃2)  

Where: 

𝐿2𝑢(𝑡) = 2𝐿2𝑙 + 𝐿2𝑢 + 𝑄  

𝐿𝑀(𝑡) = 2𝐿2𝑙 + 2𝐿2𝑢 + 𝑄  

After simplifying the total potential energy of the system: 

𝑉𝑇 = 𝐶3 𝑔𝑐𝑜𝑠𝜃1 + (𝐶15 + 𝐶8𝑄)𝑔 𝑐𝑜𝑠𝜃2  

(3.15) 

(3.16) 

(3.17) 

(3.18) 

(3.19) 

(3.20) 

(3.21) 

(3.22) 

(3.23) 

(3.24) 

(3.25) 

(3.26) 

(3.27) 



16 
 

The Lagrange function can be written as: 

𝐿 = 𝑇𝑇 − 𝑉𝑇    

After substituting 𝑇𝑇 and 𝑉𝑇, the Lagrange of the system is defined as: 

L =  𝐶21(𝛿𝐿
2̇ + 𝛿𝑅

2̇) + 𝐶22�̇�𝐿�̇�𝑅 +
1

2
𝐶8𝑄2̇ +

1

2
𝐶16∅̇2 + 𝐶18𝜃1

2̇ +
1

2
(𝐶20 + 𝐶12𝑄 +

𝐶8𝑄2)𝜃2
2̇ + 𝐶9

𝑅𝑤

2
𝐿1�̇�1(�̇�𝐿 + �̇�𝑅) cos 𝜃1 +

𝑅𝑤

2
(𝐶10 + 𝐶8𝑄)(�̇�𝐿 +

�̇�𝑅)�̇�2 cos 𝜃2 + 2 𝐿1(𝐶10 + 𝐶8𝑄)�̇�1�̇�2cos(𝜃1 − 𝜃2) − 𝐶3 𝑔𝑐𝑜𝑠𝜃1 + (𝐶15 +

𝐶8𝑄)𝑔 𝑐𝑜𝑠𝜃2  

After calculating each system coordinate, the equations of motion of the system are 

generated as follows:  

𝑑

𝑑𝑡
(

𝜕𝐿

𝜕𝛿�̇�
) −

𝜕𝐿

𝜕𝛿𝐿
= 𝑇𝐿 − 𝑇𝑓𝐿  

𝑑

𝑑𝑡
(

𝜕𝐿

𝜕𝛿�̇�
) −

𝜕𝐿

𝜕𝛿𝑅
= 𝑇𝑅 − 𝑇𝑓𝑅  

𝑑

𝑑𝑡
(

𝜕𝐿

𝜕𝜃1̇
) −

𝜕𝐿

𝜕𝜃1
= 0.5(𝑇𝐿𝑇 + 𝑇𝑅𝑇)  

𝑑

𝑑𝑡
(

𝜕𝐿

𝜕𝜃2̇
) −

𝜕𝐿

𝜕𝜃2
= 𝑇𝑀 − 𝑇𝐹𝑀 − 𝐿𝑑𝐹𝑑  

𝑑

𝑑𝑡
(

𝜕𝐿

𝜕�̇�
) −

𝜕𝐿

𝜕𝑄
= 𝐹𝑎 − 𝐹𝑓𝑎  

The mathematical system model was derived [54], and five non-linear differential 

equations were yielded: 

2𝐶21𝛿�̈� + 𝐶22𝛿�̈� + 𝐶9
𝑅𝑤

2
𝐿1𝜃1̈ cos 𝜃1 − 𝐶9

𝑅𝑤

2
𝐿1𝜃1

2̇ sin 𝜃1 +
𝑅𝑤

2
(𝐶10 + 𝐶8𝑄) 𝜃2̈ cos 𝜃2 −

𝑅𝑤

2
(𝐶10 +

𝐶8𝑄)𝜃2
2̇𝑠𝑖𝑛𝜃2 +

𝑅𝑤

2
𝐶8�̇�𝜃2̇ cos 𝜃2 = 𝑇𝐿 − 𝑇𝑓𝐿  

 

  2𝐶21𝛿�̈� + 𝐶22𝛿�̈� + 𝐶9
𝑅𝑤

2
𝐿1𝜃1̈ cos 𝜃1 − 𝐶9

𝑅𝑤

2
𝐿1𝜃1

2̇ sin 𝜃1 +
𝑅𝑤

2
(𝐶10 + 𝐶8𝑄) 𝜃2̈ cos 𝜃2 −

𝑅𝑤

2
(𝐶10 +

𝐶8𝑄)𝜃2
2̇𝑠𝑖𝑛𝜃2 +

𝑅𝑤

2
𝐶8�̇�𝜃2̇ cos 𝜃2 = 𝑇𝑅 − 𝑇𝑓𝑅  

(3.28) 

(3.30) 

(3.29) 

(3.31) 

(3.32) 

(3.33) 

(3.34) 

(3.35) 

(3.36) 
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2𝐶18𝜃1̈ + 𝐶9
𝑅𝑤

2
𝐿1(𝛿�̈� + 𝛿�̈�) cos 𝜃1 − 𝐶9

𝑅𝑤

2
𝐿1(𝛿�̇� + 𝛿�̇�)𝜃1̇ sin 𝜃1 + 2𝐿1(𝐶10 + 𝐶8𝑄)𝜃2̈cos(𝜃1 − 𝜃2) −

2𝐿1(𝐶10 + 𝐶8𝑄)𝜃1̇𝜃2̇𝑠𝑖𝑛(𝜃1 − 𝜃2) + 2𝐿1(𝐶10 + 𝐶8𝑄)𝜃2
2̇𝑠𝑖𝑛(𝜃1 − 𝜃2) + 2𝐿1𝐶8�̇�𝜃2̇cos(𝜃1 − 𝜃2) +

𝐶9
𝑅𝑤

2
𝐿1𝜃1

2̇(𝛿�̇� + 𝛿�̇�)𝑠𝑖𝑛𝜃1 + 2𝐿1(𝐶10 + 𝐶8𝑄)𝜃1
2̇𝜃2̇𝑠𝑖𝑛(𝜃1 − 𝜃2) − 𝐶3 𝑔 𝜃1̇𝑠𝑖𝑛𝜃1 = 0.5 (𝑇𝐿𝑇 + 𝑇𝑅𝑇)   

 

 𝐶20𝜃2̈ + (𝐶12 �̇� + 2𝐶8 𝑄)𝜃2̇ + (𝐶12 𝑄 + 𝐶8𝑄2)𝜃2̈ +
𝑅𝑤

2
(𝐶10 + 𝐶8𝑄)(𝛿�̈� + 𝛿�̈�)𝑐𝑜𝑠𝜃2 −

𝑅𝑤

2
(𝐶10 +

𝐶8𝑄)(𝛿�̇� + 𝛿�̇�)𝜃2̇𝑠𝑖𝑛𝜃2 + 𝐶8
𝑅𝑤

2
�̇�(𝛿�̇� + 𝛿�̇�)𝑐𝑜𝑠𝜃2 + 2𝐿1(𝐶10 + 𝐶8𝑄)𝜃1̈cos(𝜃1 − 𝜃2) − 2𝐿1(𝐶10 +

𝐶8𝑄)𝜃1
2̇𝑠𝑖𝑛(𝜃1 − 𝜃2) + 2𝐿1(𝐶10 + 𝐶8𝑄)𝜃1̇𝜃2̇𝑠𝑖𝑛(𝜃1 − 𝜃2) + 2𝐶8 𝐿1𝜃1̇𝜃2̇cos(𝜃1 − 𝜃2) +

𝑅𝑤

2
(𝐶10 +

𝐶8𝑄)(𝛿�̇� + 𝛿�̇�)𝜃2
2̇𝑠𝑖𝑛𝜃2 − (𝐶15 + 𝐶8𝑄)𝑔𝜃2̇𝑠𝑖𝑛𝜃2 − 2𝐿1(𝐶10 + 𝐶8𝑄)𝜃1̇𝜃2

2̇𝑠𝑖𝑛(𝜃1 − 𝜃2) = 𝑇𝑀 − 𝑇𝐹𝑀 −

𝐿𝑑𝐹𝑑 

 

 𝐶8�̈� −
1

2
(𝐶12 + 2𝐶8𝑄)𝜃2

2̇ − 𝐶8
𝑅𝑤

2
𝜃2̇(𝛿�̇� + 𝛿�̇�)𝑐𝑜𝑠𝜃2 − 2𝐿1𝐶8𝜃1̇𝜃2̇cos(𝜃1 − 𝜃2) + 𝐶8𝑔 𝑐𝑜𝑠𝜃2 =  𝐹𝑎 −

𝐹𝑓𝑎   

A mathematical model of the two-wheeled system with an extendable payload that can 

manoeuvre on flat surfaces has been derived using the Euler Lagrange equations. The 

system yields five non-linear differential equations built to describe the system 

dynamics. The five degrees of freedom calculated using: 

𝐷𝑂𝐹 = 𝑚(𝑁 − 1 − 𝐽) + ∫ 𝑓𝑖
𝐽

𝑖=1
 where 𝑁 is number of bodies and 𝐽 is number of joints. 

The constant parameters 𝐶 are given in APPENDIX-A. The system simulation 

parameters reported by [55] that based on standard dimensions of a two-wheeled robot 

vehicle illustrated in Table 3.1. 

 

 

 

 

 

 

 

 

(3.37) 

(3.38) 

(3.39) 
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Table 3. 1: The parameters of a two-wheeled robot vehicle with movable payload. 

Variable Value Unit 

𝑀𝑚 0.3 𝐾𝑔 

𝐽𝑤 0.225 𝐾𝑔. 𝑚2 

𝑅𝑤 0.3 𝑚 

𝑀𝑙 3 𝐾𝑔 

𝐽1 0.003025 𝐾𝑔. 𝑚2 

𝑀2𝑙 1.5 𝐾𝑔 

𝑀2𝑢 1.5 𝐾𝑔 

𝐽2𝑢 0.005 𝐾𝑔. 𝑚2 

𝐽2𝑙 0.005 𝐾𝑔. 𝑚2 

M 70 𝐾𝑔 

𝐽𝑀 1 𝐾𝑔. 𝑚2 
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3.4 System Performance 

The system was investigated using five non-linear differential equations with different 

force input signals were implemented at the payload to test the system's stability. 

The first input signal is illustrated in Figure 3.2. 

 

 

 

 

The open-loop system response was unstable, as shown in Figure 3.3.  

 

 

 

 

 

 

 

 

 

 

 

 

(a) Left wheel displacement  (b) Right wheel displacement 
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Figure 3. 2: payload input signal. 

Figure 3. 3: System open-loop response with the first input signal. 
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The second input signal illustrated in Figure 3.4. 

 

 

 

 

The open-loop system response was unstable, as shown in Figure 3.5.  
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Figure 3. 4: Payload input signal. 

Figure 3. 5: System open-loop response with the second input signal. 
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The third input signal is illustrated in Figure 3.6.  

 

 

 

 

The open-loop system response was unstable, as shown in Figure 3.7. 
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Figure 3. 6: Payload input signal. 

Figure 3. 7: System open-loop response with the third input signal. 
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The fourth input signal is illustrated in Figure 3.8. 

 

 

 

 

 

The open-loop system response was unstable, as shown in Figure 3.9. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

(b) Right wheel displacement 
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Figure 3. 8: Payload input signal. 

Figure 3. 9: System open-loop response with the fourth input signal. 
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From the simulation results, the system responses with different input signals applied at 

the payload actuator were initially unstable with all five parts including the left wheel, right 

wheel, first link, second link, and payload actuator. This highlighted the need to design an 

appropriate control system to achieve system stabilisation. 

3.5 Summary 

This chapter aims to design a robot vehicle with two wheels. The system has five degrees 

of freedom. The description and components of the system have been obtained. The 

mathematical model of a two-wheeled robot vehicle moving on flat surfaces was derived 

based on the Euler Lagrange method describing the system dynamics. The derived 

mathematical model yields the five non-linear differential equations, which have been 

simulated and confirmed that the system was unstable. The next chapter will demonstrate 

the system behaviour with various control system approaches. 
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Chapter Four 

Controller Design with Different Control Strategy 

4.1  Introduction 

The double inverted pendulum systems have the characteristics of non-linearity, 

complexity, and instability. Many researchers have increased their interest in controlling 

the systems based on the inverted pendulum. Stabilising a system based on a double 

inverted pendulum is a complex challenge that demonstrates the control method's 

effectiveness. A lot of researchers have been presented on controlling this type of system  

[56] [57] [58].  

This chapter analyses the system performance and tests the system response. Then different 

control techniques are designed to evaluate the model behaviour. The proposed control 

systems investigated the five parts of the model to test the effect of the controller stability. 

In addition, a comparative examination of the simulation results has been considered. 

Chapter four is organised as follows. Section 4.2 presents the control system design, 

divided into three sub sections. The first Section 4.2.1 focused on using a PID-PD 

controllers. The second Section 4.2.2 used a Fuzzy Logic controller; the third Section 4.2.3 

used a hybrid controller combined with PID-PD and Fuzzy Logic controllers. 
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4.2 Control Design 

In this section, controllers were designed to control all five parts, including both wheels, 

left and right, the inclination angle of the first and second links, and the payload linear   

actuator. In this study, different input signals were applied to the movable payload to 

validate the system's stability. The wheels were assumed to move within 0.8m while both 

links of the intermediate body of the system were retained as upright to ensure system 

stabilisation. Various controllers are proposed, including PID, PD, FLC, and hybrid control 

systems, which will be designed to achieve system stability. 

4.2.1 PID Control Design 

This section implements a Proportional Integral Derivative (PID) control strategy for 

system stabilisation. PID controller is one of the most widely used control systems which 

provide dependable and stable performance for most systems [59] [60] [61]. The proposed 

controller is a commonly used control system because it is simple and easy to tune, further 

providing robust performance [62] [29] [63]. The proportional term, integral term, and 

derivative term were all employed on the PID controller consisting of three gain 

parameters, Kp, Kd, and Ki, tuned to develop stabilisation behaviour [64] [65]. The 

proportional term will increase the control signal for the same rate of error, the integral 

term to reduce steady-state errors, and the derivative term to reduce the overshoot [45] 

[66][67]. 

Many researchers have been used PID controllers in different applications to achieve the 

desired performance. Since many control systems using PID control have proved 

satisfactory results in their applications, it is still used over the years in most process control 

[29] [45] [68] [69]. 

PID and Proportional Derivative (PD) controllers are used in this study. For this model 

design, the first link and payload actuator were controlled using the PD controller, with 

the control parameters tuned progressively to achieve the desired performance. 
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Figure 4.1 illustrates the position of five loops: two loops for each wheel, two loops for 

both links, and one loop for the payload linear actuator. 

 

 

 

 

 

 

 

 

 

 

Table 4.1 shows the PID and PD controllers gain parameters that make the system most 

stable. These gain parameters were chosen after tuning progressively, which successfully 

stabilised the system model parts. 

 

Table 4. 1: PID gain parameters. 

 

Loop 

PID Gains 

Kp Kd Ki 

Left Wheel 40 20 0.1 

Right Wheel 40 20 0.1 

First Link Angle 30 15 0 

Second Link Angle 20 15 10 

Payload Actuator 60 25 0 

 

 

𝑇𝑅𝑇 

𝑇𝑀𝑇 

𝑇𝐿𝑇 

𝐹𝑎𝑇 

0.5(𝑇𝐿𝑇 + 𝑇𝑅𝑇) 

PID 

𝜃1 

𝛿𝐿 

𝜃2 

𝛿𝑅 

𝑄 

PID 

PD 

PD 

PID 

𝛿𝐿 

𝛿𝑅 

𝜃1 

𝜃2 

𝑄 

Figure 4. 1: The block diagram using PID controllers. 
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4.2.1.1 Results Using PID Controllers. 

Different force input signals were applied on the payload actuator to validate the control 

system's stability and study the system behaviour. The payload actuator follows the 

input signal as shown in the following tests. 

Test 1: Simulation results applying first input signal on the payload.  

This step is used for investigating the stabilisation of the two-wheeled robot vehicle with 

a movable payload by applying the input signal illustrated in Figure 4.2. The simulation 

results illustrated in Figure 4.3 explain that the system successfully stabilised with the 

first input signal applied. And the system control effort for all systems parts is illustrated 

in Figure 4.4.   

 

 

 

 

 

 

 

 

 

 

 

Figure 4. 2: The first input signal applied on the payload. 
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The simulation results for the system response using the PID-PD controllers are illustrated 

in Figure 4.3. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

(a) Left wheel displacement  (b) Right wheel displacement 

(c) First link angle (d) Second link angle 

(e) Displacement of the payload 
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Figure 4. 3: System response of PID controllers. 
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The exerted effort of the controllers required to stabilise the system is represented in Figure 

4.4.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

(a) Control effort of the left wheel (b) Control effort of the right wheel 

(c) Control effort of the first link (d) Control effort of the second link 

(e) Control effort of the payload 
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Figure 4. 4: System exerted effort using PID controllers. 



30 
 

The control system stabilised and balanced the two-wheeled robot vehicle with a movable 

payload. The wheels settle at 0.7261s with 0.481% overshoot. The first link of the 

intermediate body reached settling time at 3.1952s, and the second link settled at 5.2356s, 

as illustrated in Table 4.2. 

Table 4. 2: System specifications apply the first input signal using PID controllers. 

 Rise Time Settling 

Time 

Overshoot Peak Time Steady State 

Error 

Left Wheel 1.061s 0.7261s 0.481% 10.859s -0.0009138 

Right Wheel 1.061s 0.7261s 0.481% 10.859s -0.0009138 

First Link 0.088s 3.1952s 64.634% 0.351s -6.104e-6 

Second Link  2.270s 5.2356s 0.505% 6.729s -1.972e-18 

Payload  1.557s 20.402s 1.579% 14.150s 5.556e-6 

 

Test 2: Simulation results with the second input signal. 

In this case, the second input signal is applied to the payload actuator, as shown in Figure 

4.5. Figure 4.6 shows the control system response after applying the second input signal. 

And the control system effort is illustrated in Figure 4.7. 

 

 

 

 

 

 

 
Figure 4. 5: The second input signal applied on the payload. 
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The simulation results for the system response using the PID-PD controllers are illustrated 

in Figure 4.6. 
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Figure 4. 6: System response of PID controllers. 
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The exerted effort of the controllers required to stabilise the system is represented in Figure 

4.7.  
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Figure 4. 7: System exerted effort using PID controllers. 
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The controllers stabilised the robot vehicle with the second input signal applied at the 

payload actuator. The most interesting finding was that the controller effort was less than 

the first input signal, this is can be explained due to the shape of the applied input signal. 

The system specifications are illustrated in Table 4.3. 

Table 4. 3: System specifications applying the second input signal using PID controllers. 

 Rise Time Settling 

Time 

Overshoot Peak Time Steady State 

Error 

Left Wheel 1.061s 0.7261s 0.481% 10.859s -0.0009138 

Right Wheel 1.061s 0.7261s 0.481% 10.859s -0.0009138 

First Link  0.088s 3.1952s 64.634% 0.351s -6.104e-6 

Second Link  2.270s 5.2356s 0.505% 6.729s -1.972e-18 

Payload  1.396s 21.2138s 59.836% 15.040s 5.556e-6 

 

Test 3: Simulation results with the third input signal. 

In this case, the third input signal is applied to the payload actuator, as shown in Figure 

4.8. Figure 4.9 shows the control system response after applying the second input signal 

and the control system effort illustrated in Figure 4.10. 

 

 

 

 

 

 

 

 

Figure 4. 8: The third input signal applied on the payload. 
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Simulation results for the system response using the PID-PD controllers are illustrated in 

Figure 4.9. 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

(a) Left wheel displacement (b) Right wheel displacement 

(c) First link angle (d) Second link angle 

(e) Displacement of the payload 

L
in

ea
r 

D
is

p
la

c
e
m

e
n

t 
(m

) 

L
in

ea
r 

D
is

p
la

c
e
m

e
n

t 
(m

) 

A
n

g
le

 (
d

e
g
r
ee

) 

A
n

g
le

 (
d

e
g
r
ee

) 

P
a
y

lo
a

d
 d

is
p

la
c
e
m

e
n

t 
(m

) 

Figure 4. 9: System response of PID controllers. 
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The exerted effort of the controllers required to stabilise the system is represented in Figure  

4.10.  
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(a) Control effort of the left wheel 

 

(b) Control effort of the right wheel  

 

(c) Control effort of the first link  
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Figure 4. 10: System exerted effort using PID controllers. 
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The controller successfully stabilised the robot vehicle with the second input signal applied. 

Figure 4.10 illustrates the very high control effort exerted for the payload stabilisation. 

When the signal reaches the maximum point, it suddenly goes back to zero, making the 

controller require higher effort for the payload stabilisation. The system specifications are 

illustrated in Table 4.4 are the same as the previous signals except for the specifications of 

the payload linear actuator 

Table 4. 4: System specifications apply the third input signal using PID controllers. 

 Rise Time Settling 

Time 

Overshoot Peak Time Steady State 

Error 

Left Wheel 1.061s 0.7261s 0.481% 10.859s 0.0739 

Right Wheel 1.061s 0.7261s 0.481% 10.859s 0.0739 

First Link 0.088s 3.1952s 64.634% 0.351s 3.1952 

Second Link 2.270s 5.2356s 0.505% 6.729s 5.2356 

Payload 2.659s 19.4200s 0.505% 18.009s 5.556e-6 

 

Test 4: Simulation results with the fourth input signal. 

The fourth test applied the input signal illustrated in Figure 4.11. The system's response 

using PID-PD controllers is shown in Figure 4.12, and the system controller efforts are 

shown in Figure 4.13. 

 

 

 

 

 

 

 

Figure 4. 11: The fourth input signal applied on the payload. 
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The simulation results for the system response using the PID-PD controllers are illustrated 

in Figure 4.12. 

 

 

 

  

 

 

 

 

 

 

 

 

 

  

 

 

 

 

 

(a) Left wheel displacement (b) Right wheel displacement 

(c) First link angle (d) Second link angle 

(e) Displacement of the payload 

L
in

ea
r 

D
is

p
la

c
e
m

e
n

t 
(m

) 

L
in

ea
r 

D
is

p
la

c
e
m

e
n

t 
(m

) 

A
n

g
le

 (
d

e
g
r
ee

) 

A
n

g
le

 (
d

e
g
r
ee

) 

P
a
y

lo
a

d
 d

is
p

la
c
e
m

e
n

t 
(m

) 

Figure 4. 12: System response of PID controllers. 



38 
 

The exerted effort of the controllers required to stabilise the system is represented in Figure 

4.13.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 (a) Control effort of the left wheel (b) Control effort of the right wheel  

 (c) Control effort of the first link  
(d) Control effort of the second link  

(e) Control effort of the payload 
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Figure 4. 13: System exerted effort using PID controllers. 
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The controller successfully stabilised the robot vehicle with the fourth input signal applied 

at the payload actuator. Table 4.5 explains the system specifications designed with PID-

PD controllers.  

Table 4. 5: System specifications apply the fourth input signal using PID controllers. 

 Rise Time Settling 

Time 

Overshoot Peak Time Steady State 

Error 

Left wheel 1.060s 0.7261s 0.486% 10.000s 0.0739 

Right wheel 1.060s 0.7261s 0.486% 10.000s 0.0739 

First Link 0.088s 3.1952s 64.634% 0.351s 3.1952 

Second Link 2.270s 5.2356s 0.505% 6.729s 5.2356 

Payload 0.0307s 22.1351s 58.240% 17.494s 5.556e-6 

 

The system simulation results illustrate that the presented model with the PID-PD control 

systems successfully stabilised with different input signals applied on the payload linear 

actuator to study the system behaviour and investigate the system stability. This step 

validates the system and explains that the system is still stable with various input signals.  

The proposed PID and PD had shown excellent performance in terms of the control system 

characteristics. From the simulation results, the PID and PD wheels displacement stabilised 

at 0.7261s without oscillation. The tilt angle of the first and the second links improved 

overshoot and had a faster settling time, as shown in the previous tables. The payload linear 

actuator force follows the proposed input signals. 

The next step is to design the fuzzy logic controllers to test the system stability and the 

improvement of this type of controller on the system. 
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4.2.2 Fuzzy Logic Control Design 

Fuzzy logic control (FLC) is a logical and flexible technique used to communicate with 

fuzzy systems where the dynamics are too complicated or unknown [70] [71] [35]. In this 

control system approach, the use of linguistic variables rather than numerical variables is 

one of its most major features whose values are natural language sentences [28] [72]. 

The FLC is used in digital technologies such as microcontrollers and digital signal 

processing [73]. For the FLC output calculations, all linguistic variables and membership 

functions are employed to design the rule-base that produces the fuzzy controller action 

[73] [74]. FLC has been applied successfully in different applications [75] [76] [77]. 

In this design, the FLC was designed to control each left wheel, right wheel, first link, 

second link, and payload actuator and this controller for each part had two inputs error and 

change of error, with a further output used to describe a fuzzy inference system to create 

the necessary fuzzy rules. The linguistic variables of the two inputs and the output could 

be Negative-Big (NB), Negative-Small (NS), Zero (Z), Positive-Big (PB), and Positive-

Small (PS). These rules yield relevant action in FLC parts. The fuzzy logic controllers were 

designed with nine rules, 25 rules, and 49 rules. However, the nine and 49 rules become 

unstable. The proper system tuning of the FLC to stabilise the model was developed using 

five membership functions with 25 rules base. There are many types of membership 

functions such as Triangle, Trapezoidal, Gaussian, and Gaussian two membership 

functions. These types have been tested, but the Gaussian membership function was chosen 

as a way to provide smooth inputs and outputs with less control effort exerted at each part 

compared with the other types of membership functions. 
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Figure 4.14 illustrates the position of five loops: two loops for each wheel, two loops for 

both links, and one loop for the payload linear actuator using the fuzzy controller with five 

Gaussian membership functions and 25 rules base. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 4.6 presents the fuzzy rules used in the model that make the system most stable. 

Table 4. 6: Fuzzy rules base. 

�̂� NB NS Z PS PB 

NB NB NB NB NS Z 

NS NB NB NS Z PS 

Z NB NS Z PS PB 

PS NS Z PS PB PB 

PB Z PS PB PB PB 

 

𝒆 

Figure 4. 14: The system block diagram using the fuzzy logic controller. 
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The memberships functions are illustrated in Figure 4.15. 
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Figure 4. 15: Gaussian membership function with two inputs and one output. 
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4.2.2.1 Results Using Fuzzy Logic Controller. 

The fuzzy logic control system is designed to evaluate the system's stability. This 

simulation results of the system response using the fuzzy logic controller and applying the 

first input signal as illustrated in Figure 4.16. 

Test 1: Simulation results with first payload input signal 

The first input signal applied on the payload actuator is illustrated in Figure 4.16. Figure 

4.17 explains the system simulation result and the system control effort is shown in Figure 

4.18.    

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4. 16: The first input signal applied on the payload. 
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Simulation results for the system response using the fuzzy logic controllers are illustrated 

in Figure 4.17. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

(e) Displacement of the payload 
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Figure 4. 17: System response using a fuzzy logic controller. 
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 The exerted effort of the controllers required to stabilise the system is represented in Figure 

4.18.  
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Figure 4. 18: System exerted effort using a fuzzy logic controller. 
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The first input signal applied on the payload actuator and designed with the fuzzy logic 

controller successfully stabilised. The settling time of the wheels is 3.7801s while the first 

link at 9.4910s and the second link stabilised at 4.1526s. The system specification is 

illustrated in Table 4.7. 

Table 4. 7: System specifications apply the first input signal using fuzzy logic 

controllers. 

 Rise Time Settling 

Time 

Overshoot Peak Time Steady State 

Error 

Left Wheel 2.042s 3.7801s 0.505% 9.345s 0.0002854 

Right Wheel 2.042s 3.7801s 0.505% 9.345s 0.0002854 

First Link 0.3031s 9.4910s 100.294% 1.745s -1.031e-8 

Second Link 1.590s 4.1526s 1.759% 6.623s 0.0002284 

Payload 1.457s 22.1763s 11.875% 14.586s 4.6e-5 

   

Test 2: Simulation results with the second payload input signal. 

The second input signal applied on the payload actuator is illustrated in Figure 4.19. Figure 

4.20 explains the system simulation result and the system control effort is shown in Figure 

4.21.    

 

 

 

 

 

 

 

 

Figure 4. 19: The second input signal applied on the payload. 
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Simulation results for the system response using the FLC controllers are illustrated in 

Figure 4.20. 
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Figure 4. 20: System response using a fuzzy logic controller. 
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The exerted effort of the controllers required to stabilise the system is represented in Figure 

4.21.  
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Figure 4. 21: System exerted effort using a fuzzy logic controller. 
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The system was stabilised with a second input signal but with higher overshoot and less 

control effort applied on the payload actuator than the first input signal. The system 

specifications are illustrated in Table 4.8. 

Table 4. 8: System specifications applying the second input signal using fuzzy logic 

controllers 

 Rise Time Settling 

Time 

Overshoot Peak Time Steady State 

Error 

Left Wheel 2.042s 3.7801s 0.505% 9.345s 0.0002854 

Right Wheel 2.042s 3.7801s 0.505% 9.345s 0.0002854 

First Link 0.3031s 9.4910s 100.294% 1.745s -1.031e-8 

Second Link 1.590s 4.1526s 1.759% 6.623s 0.0002284 

Payload 1.574s 20.0572s 20.370% 15.166s 4.573e-5 

 

Test 3: Simulation results with the third payload input signal. 

The third input signal applied to the payload actuator is illustrated in Figure 4.22. Figure 

4.23 explains the system simulation result, and the system control effort is shown in Figure 

4.24.    

 

 

 

 

 

 

 

 

Figure 4. 22: The third input signal applied on the payload. 
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Simulation results for the system response using the FLC controllers are illustrated in 

Figure 4 .23. 
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(a) Left wheel displacement (b) Right wheel displacement 
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Figure 4. 23: System response using a fuzzy logic controller. 
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The exerted effort of the controllers required to stabilise the system is represented in Figure 

4.24. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

(a) Control effort of the left wheel (b) Control effort of the right wheel  

(c) Control effort of the first link  (d) Control effort of the second link  

(e) Control effort of the payload 
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Figure 4. 24: System exerted effort using a fuzzy logic controller. 
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The system successfully stabilised with the third input signal but with higher controller 

effort on the payload actuator than the previous signals applied on the payload. The system 

specifications are illustrated in Table 4.9. 

Table 4. 9: System specifications apply the third input signal using fuzzy logic 

controllers. 

 Rise Time Settling 

Time 

Overshoot Peak Time Steady State 

Error 

Left Wheel 2.042s 3.7801s 0.505% 9.345s 0.0002854 

Right Wheel 2.042s 3.7801s 0.505% 9.345s 0.0002854 

First Link 0.3031s 9.4910s 100.294% 1.745s -1.031e-8 

Second Link 1.590s 4.1526s 1.759% 6.623s 0.0002284 

Payload 2.581s 21.375s 0.505% 18.082s 4.553e-5 

 

Test 4: Simulation results with the fourth payload input signal.   

The fourth input signal is applied on the payload actuator illustrated in Figure 4.25. Figure 

4.26 explains the system simulation result, and the system control effort is shown in Figure 

4.27.    

 

 

  

 

Figure 4. 25: The fourth input signal applied on the payload. 
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Simulation results for the system response using the FLC controllers are illustrated in 

Figure 4.26. 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

(a) Left wheel displacement (b) Right wheel displacement 
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(e) Displacement of the payload 

L
in

ea
r 

D
is

p
la

c
e
m

e
n

t 
(m

) 

L
in

ea
r 

D
is

p
la

c
e
m

e
n

t 
(m

) 

A
n

g
le

 (
d

e
g
r
ee

) 

A
n

g
le

 (
d

e
g
r
ee

) 

P
a
y

lo
a

d
 d

is
p

la
c
e
m

e
n

t 
(m

) 

Figure 4. 26: System response using a fuzzy logic controller. 
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The exerted effort of the controllers required to stabilise the system is represented in Figure 

4.27. 
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(a) Control effort of the left wheel (b) Control effort of the right wheel  

(c) Control effort of the first link  (d) Control effort of the second link  
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Figure 4. 27: System exerted effort using a fuzzy logic controller. 
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The system stabilised with the fourth input signal and the system specifications illustrated 

in Table 4.10. 

Table 4. 10: System specifications applying the fourth input signal using fuzzy logic 

controllers. 

 Rise Time Settling 

Time 

Overshoot Peak Time Steady State 

Error 

Left wheel 2.042s 3.7801s 0.505% 9.345s 0.0002854 

Right wheel 2.042s 3.7801s 0.505% 9.345s 0.0002854 

First Link 0.3031s 9.4910s 100.294% 1.745s -1.031e-8 

Second Link 1.590s 4.1526s 1.759% 6.623s 0.0002284 

Payload 0.0709s 20.0572s 726.466% 17.691s 4.58e-5 

 

The simulation results using a fuzzy logic controller successfully stabilised the system. The 

left and right wheel displacement demonstrated excellent performance in the fuzzy logic 

controller tests, approximately the same as using the PID and PD controllers. The first and 

second links stabilised the intermediate body in the upright position in the fuzzy controller, 

with an oscillation observed in tables. The PID and PD controllers thus performed with 

less oscillation for the first and second links in terms of the system specifications. The 

system specifications in PID-PD controllers were better. In contrast, higher control efforts 

were exerted in PID-PD than FLC for the system stabilisation. However, it is essential to 

decrease the exerted effort of the controller to stabilise the system. The simulation results 

show that the control effort exerted for the system stabilisation resulted in a significant 

reduction in the FLC compared with PID-PD controllers, without affecting the system 

stability.  

The next step is to design a hybrid control system that combines PID, PD, and FLC to 

check further effects and improvements concerning the system's overall response. 
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4.2.3 Hybrid Control Design 

This section designs a hybrid controller that combines more than one control system. The 

hybrid control system intends to improve the system performance by combing the good 

specifications from the control systems used. A hybrid control system employs the 

beneficial sides of the proposed controllers suggested. Naturally, researchers have 

presented various hybrid controllers structure such as fuzzy and PID [78] [79] [80] [4].  

This study implements PID, PD, and FLC controllers to improve performance. Two types 

of hybrid control systems are designed for the nonlinear model for two-wheeled robot 

vehicles with movable payload. PID with FLC is used to control both wheels, two links of 

the intermediate body, while the payload actuator was controlled using PD with FLC 

controllers.  

The PID-PD control parameters are tuned progressively until the system stabilise. The FLC 

with two inputs includes error and change of error with one output used to describe a fuzzy 

inference system then create the fuzzy rules. The linguistic variable of the two inputs and 

output are Negative-Big (NB), Negative-Small (NS), Zero (Z), Positive-Big (PB), and 

Positive-Small (PS). These rules yield the action of the FLC parts. The fuzzy logic 

controllers were designed with nine rules, 25 rules, and 49. As well as the proper system 

tuning of the FLC to stabilise the model was developed using five Gaussian membership 

functions with 25 rules base. 
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Figure 4. 28: The system block diagram using hybrid controllers. 
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For PID and PD tuning the gain parameters shown in Table 4.11. 

Table 4. 11: PID gain parameters. 

 

Loop 

PID Gains 

Kp Kd Ki 

Left Wheel 50 1 0.01 

Right Wheel 50 1 0.01 

First Link 10 2 0.1𝑒−3 

Second Link 6 7 0.8 

Payload Actuator 20 10 0 

 

The fuzzy logic control is of Mamdani with 25 rules base and five membership functions 

shown in Table 4.12 depending on the desired system performance.  

Table 4. 12: Fuzzy rules base. 

�̂� NB NS Z PS PB 

NB NB NB NB NS Z 

NS NB NB NS Z PS 

Z NB NS Z PS PB 

PS NS Z PS PB PB 

PB Z PS PB PB PB 

 

 

 

 

 

𝒆 
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The memberships functions illustrated in Figure 4.29. 
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Figure 4. 29: Gaussian membership function with two inputs and one output. 
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4.2.3.1 Results Using Hybrid Controller. 

A hybrid control system is designed for system stabilisation combined with PID-PD and 

FLC. The system responses with various input signals will be explained in the next 

sections.  

Test 1: Simulation results with first payload input signal. 

This simulation results of the system response using hybrid controllers are illustrated in 

Figure 4.31 and the system controller effort observed in Figure 4.32. The first signal 

applied on the payload actuator is shown in Figure 4.30. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4. 30: The first input signal applied on the payload. 
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Simulation results for the system response using the hybrid controllers are illustrated in 

Figure 4.31. 
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(a) Left wheel displacement  
(b) Right wheel displacement 

(c) First link angle (d) Second link angle 

(d) Displacement of the payload 

Figure 4. 31: System response using hybrid controllers. 
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The exerted effort of the controllers required to stabilise the system is represented in Figure 

4.32. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

(a) Control effort of the left wheel (b) Control effort of the right wheel 

(c) Control effort of the first link (d) Control effort of the second link 

(e) Control effort of the payload 
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Figure 4. 32: System exerted effort using hybrid controllers. 
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The system successfully stabilised with the first input signal applied on the payload 

actuator further, the system specifications illustrated in Table 4.13.  

Table 4. 13: System specifications applying the first input signal using hybrid 

controllers 

 Rise Time Settling 

Time 

Overshoot Peak Time Steady State 

Error 

Left Wheel 0.6694s 1.2682s 4.737% 1.055s -5.91e-5 

Right Wheel 0.6694s 1.2682s 4.737% 1.055s -5.91e-5 

First Link 0.0621s 9.5953s 99.960% 1.729s 1.813e-5 

Second Link 4.529s 9.6467s 0.505% 13.270s 6.263e-11 

Payload 1.497s 20.6472s 4.954% 14.280s 1.427e-5 

 

Test 2: Simulation results with the second input signal. 

The second input signal using a hybrid controller is applied on the payload actuator 

illustrated in Figure 4.33. 

 

 

 

 

 

 

 

 

 

Figure 4. 33: The second input signal applied on the payload. 
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Simulation results for the system response using the hybrid controllers are illustrated in 

Figure 4.34. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

(a) Left wheel displacement (b) Right wheel displacement 

(c) First link angle (d) Second link 
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Figure 4. 34: System response using hybrid controllers. 
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The exerted effort of the controllers required to stabilise the system is represented in Figure 

4.35. 
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 (a) Control effort of the left wheel (b) Control effort of the right wheel 

(c) Control effort of the first link  (d) Control effort of the second link  
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Figure 4. 35: System exerted effort using hybrid controllers. 
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The system successfully stabilised with the second input signal with less control effort 

required for the payload stabilisation than the first signal, and the system specifications are 

illustrated in Table 4.14. 

Table 4. 14: System specifications apply the second input signal using hybrid controllers. 

 Rise Time Settling 

Time 

Overshoot Peak Time Steady State 

Error 

Left Wheel 0.6694s 1.2682s 4.737% 1.055s -0.000272 

Right Wheel 0.6694s 1.2682s 4.737% 1.055s -0.000272 

First Link 0.0621s 9.5953s 99.960% 1.729s -1.863e-5 

Second Link 4.529s 9.6467s 0.505% 13.255s 6.263e-11 

Payload 9.4544s 20.9326s 0.515% 15.074s 1.427e-5 

 

Test 3: Simulation results with third payload input signal 

The third input signal using a hybrid controller applied on the payload actuator is illustrated 

in Figure 4.36. 

 

 

 

 

 

 

 

 

 

Figure 4. 36: The third input signal applied on the payload. 
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Simulation results for the system response using the hybrid controllers are illustrated in 

Figure 4.37. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

(a) Left wheel displacement (b) Right wheel displacement 

(c) First link angle (d) Second link angle 

(e) Displacement of the payload 
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Figure 4. 37: System response using hybrid controllers. 
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The exerted effort of the controllers required to stabilise the system is represented in Figure 

4.38. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

(b) Control effort of the right wheel  

(c) Control effort of the first link  (d) Control effort of the second link  

(e) Control effort of the payload 
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Figure 4. 38: System exerted effort using hybrid controllers. 
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The system successfully stabilised with the third input signal but with higher input signal 

applied on the payload linear actuator further, the system specifications illustrated in Table 

4.15.  

Table 4. 15: System specifications apply the third input signal using hybrid controllers 

 Rise Time Settling 

Time 

Overshoot Peak Time Steady State 

Error 

Left Wheel 0.6694s 1.2682s 4.737% 1.055s -2.312e-5 

Right Wheel 0.6694s 1.2682s 4.737% 1.055s -2.312e-5 

First Link 0.0621s 9.5953s 99.960% 1.729s 1.762e-5 

Second Link 4.529s 9.6467s 0.505% 13.191s 6.3e-11 

Payload 2.642s 20.7318s 3.646% 18.147s 1.427e-5 

 

Test 4: Simulation results with fourth payload input signal. 

The fourth input signal using a hybrid controller applied on the payload actuator is 

illustrated in Figure 4.39. 

 

 

 

 

 

 

 

 

 

 

Figure 4. 39: The fourth input signal applied on the payload. 
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Simulation results for the system response using the hybrid controllers are illustrated in 

Figure 4.40. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

(a) Left wheel displacement (b) Right wheel displacement 

(c) First link angle (d) Second link angle 

(e) Displacement of the payload 
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Figure 4. 40: System response using hybrid controllers. 
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The exerted effort of the controllers required to stabilise the system is represented in Figure 

4.41. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

 

(a) Control effort of the left wheel (b) Control effort of the right wheel  

(c) Control effort of the first link  (d) Control effort of the second link  

(e) Control effort of the payload 
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Figure 4. 41: System exerted effort using hybrid controllers. 
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The last input signal applied on the payload actuator and designed with a hybrid controller 

successfully stabilised. The system specification of the system is illustrated in Table 4.16. 

Table 4. 16: System specifications apply the fourth input signal using hybrid controllers. 

 Rise Time Settling 

Time 

Overshoot Peak Time Steady State 

Error 

Left Wheel 0.6694s 1.2682s 4.737% 1.055s -0.0001553 

Right Wheel 0.6694s 1.2682s 4.737% 1.055s -0.0001553 

First Link 0.0621s 9.5953s 99.960% 1.729s -2.347-5 

Second Link 4.529s 9.6467s 0.505% 13.255s 6.542e-11 

Payload 10.071s 21.9111s 59.718% 17.530s 1.427e-5 

 

Two hybrid controllers are implemented, including PID with FLC and PD with FLC. The 

hybrid controllers combined the excellent characteristics of the model designed with the 

control system.  

The hybrid control system successfully stabilised the model, and the linear displacement 

for both wheels settled with 1.2682s settling time and 4.737% overshoot. The two links of 

the intermediate body successfully stabilised at the upright position. The first link settled 

at 9.5953s, while the second link stabilised at 9.6467s with a slight overshoot of 0.505% 

and small exerted efforts. And the payload produces the same input signal applied on the 

payload actuator.  

In this study, the first procedure was to design the PID-PD controllers that had better system 

specifications than FLC but exerted higher control efforts for system stabilisation. The 

reduction of the controller effort was noticed while using the fuzzy logic controller.  

None of the studies has used fuzzy logic controllers for two-wheeled robot vehicles with 

movable payload based on a double inverted pendulum system while moving on flat 

surfaces. The simulation results using fuzzy controllers give a stable response and are 

almost the same as the PID-PD controllers but significantly reduce control effort for system 

stabilisation. However, the fuzzy logic controller has improved the system control effort 
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exerted. Accordingly, a hybrid control system is designed to combine the best 

characteristics of two different control systems for better system specifications and 

appropriate control effort exerted for stabilisation. 

Comparing the simulation results to those reported by [37]. The system successfully 

stabilised with less control effort. The wheels stabilised with 36.4N.m and the first link 

controller effort is 4.15N.m, which gave a satisfactory response as illustrated in the system 

specifications tables. 

4.3 Summary 

The purpose of this chapter was to design different control systems. The model has been 

simulated and confirmed that the system was unstable. The first type of controller was PID-

PD controllers with control parameters tunned manually. The second type is the fuzzy logic 

controller with 25 rules base and five membership functions. Further work was executed 

to design a hybrid controller that combined PID, PD, and Fuzzy logic controllers. The 

control systems were capable of stabilising the system, and simulation results have shown 

a successful stable response with all controllers with different input signals applied on the 

payload actuator. The simulation results were satisfactory for the hybrid control techniques 

that combine excellent specifications from both control approaches with appropriate 

control effort that provides a stable response. The next procedure is to test the system's 

robustness by applying external disturbances will be discussed in chapter five. 
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Chapter Five 

Control System Robustness Under Disturbance 

5.1 Introduction 

This chapter aims to study the validation of the system's control robustness by assessing 

the designed controller's ability to overcome external disturbances and analysing the robot 

motion response. Various forces were applied to test system capability to react the external 

disturbances. The external disturbances applied on vehicle wheels, the two links, and the 

payload actuator separately. The hybrid controller should cope with disturbance and 

contact uneven surfaces and different environments. The robot vehicle must successfully 

reject the disturbances and converge back to the desired set point. The simulation results 

showed the system behaviour when different forces with different amplitudes were applied 

to the system component. In addition, there was a detection of the maximum range of 

applied forces to test the behaviour of the system responses with the disturbances used. 

Furthermore, the system achieved specifications and control effort to see how much exerted 

torque and force in system components. Many researchers test the robustness of the 

designed controllers by applying external disturbances [81] [82] [83][60][84]. Section 5.2 

explains the various amplitudes applied on each part and divided into subsections 

introduced the effect of the disturbance forces and the control action at each part of the 

designed model.  

5.2  Disturbance Force with Various Amplitudes 

The robustness of the control system is concerned with applying disturbance of various 

amplitudes on each part of the robot system. The numerical values of various amplitudes 

are provided in Table 5.1. 

Table 5. 1: The values of the system disturbance force with different amplitudes. 

Amplitude 50N, 100N, 250N, 300N, 350N 

Period (secs) 25s 

Pulse Width (% of period) 0.5 

Phase delay (secs) 10s 
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5.2.1 Disturbance Applied on the Left Wheel 

The system response of the left wheel after applying different amplitudes is illustrated in 

Figure 5.1. The increase of the disturbance affected the peak value that reached 5.13m 

when maximum disturbance force was applied. The external disturbance makes the vehicle 

swerve from the path, and it affects the right wheel and tilt angle of the first link, as shown 

in Figure 5.1. The tilt angle of the second link and payload does not affect by the applied 

force. The torque exerted to stabilise the system increased with increasing the disturbance 

force applied.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 5. 1: Disturbance applied on the left wheel with different amplitudes. 

(e) Displacement of the payload 

(c) First link angle 
(d) Second link angle 

(a) Left wheel displacement  (b) Right wheel displacement 
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The exerted effort of the controllers required to stabilise the system is represented in Figure 

5.2.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5. 2: The control system effort with disturbance forces applied on the left wheel. 

(a) Control effort of the left wheel (b) Control effort of the right wheel 

(c) Control effort of the first link (d) Control effort of the second link 

(e) Control effort of the payload 
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5.2.2 Disturbance Applied on the Right Wheel 

The response of the right wheel was the same as the left wheel responses after disturbance 

forces were applied. The system response in Figure 5.3 explains the system's 

correspondence when an external disturbance is applied on the left and right wheel. The 

disturbance on the right wheel also causes fluctuations on the left wheel and tilt angle of 

the first link while the second link and the payload linear actuator does not affect, as shown 

in Figure 5.3. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 5. 3: Disturbance applied on the right wheel with different amplitudes. 

(e) Displacement of the payload 

(c) First link angle (d) Second link angle 

(a) Left wheel displacement  (b) Right wheel displacement 
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The exerted effort of the controllers required to stabilise the system is represented in Figure 

5.4. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5. 4: The control system effort with disturbance forces applied on the right wheel. 

(a) Control effort of the left wheel (b) Control effort of the right wheel 

(c) Control effort of the first link (d) Control effort of the second link 

(e) Control effort of the payload 
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5.2.3 Disturbance Applied on the First Link 

The system response when disturbance forces are applied on the first link is illustrated in 

Figure 5.5. The disturbance applied on the first link yielded negative peaks on the left and 

right wheels. The negative peaks mean that the vehicle moved in the opposite direction to 

keep the tilt angles upright. In contrast, the system response of the second link and payload 

were not affected. The peak value of the first link response reached 0.226 ° from the steady-

state value, as shown in Figure 5.5. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 5. 5: Disturbance applied on the first link with different amplitudes. 

(e) Displacement of the payload 

(c) First link angle (d) Second link angle 

(a) Left wheel displacement  (b) Right wheel displacement 
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 The exerted effort of the controllers required to stabilise the system is represented in Figure 

5.6. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 5. 6: The control system effort with disturbance forces applied on the first link. 

(a) Control effort of the left wheel (b) Control effort of the right wheel 

(c) Control effort of the first link (d) Control effort of the second link 

(e) Control effort of the payload 
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5.2.4 Disturbance Applied on the Second Link 

When disturbance was applied on the second link, it caused oscillation on the tilt angle of 

the second link. The wheels displacement, the first link, and the payload are not changed; 

this is due damping effect by vehicle joints and the motor between the two links further, 

the payload actuator. The disturbance resulted in oscillation in the second link, and peaks 

value increased with increasing the disturbance force applied, as shown in Figure 5.7. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5. 7: Disturbance applied on the second link with different amplitudes. 

(e) Displacement of the payload 

(c) First link angle (d) Second link angle 

(a) Left wheel displacement  (b) Right wheel displacement 
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 The exerted effort of the controllers required to stabilise the system is represented in Figure 

5.8. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 5. 8: The control system effort with disturbance forces applied on the second link. 

(a) Control effort of the left wheel (b) Control effort of the right wheel 

(c) Control effort of the first link (d) Control effort of the second link 

(d) Control effort of the payload 
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5.2.5 Disturbance Applied on the Payload 

The disturbance applied on the payload resulted in positive peaks, increased with the 

increase of the disturbance force applied. The maximum disturbance force applied is 

illustrated in Figure 5.9, which explains that the peaks value reached 0.378m. Furthermore, 

the two wheels and the two links of the intermediate body are not affected by the 

disturbance forces applied. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 5. 9: Disturbance applied on the payload with different amplitudes. 

(e) Displacement of the payload 

(c) First link angle (d) Second link angle 

(a) Left wheel displacement  (b) Right wheel displacement 
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 The exerted effort of the controllers required to stabilise the system is represented in Figure 

5.10.  
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Figure 5. 10: The control system effort with disturbance forces applied on the payload. 

(a) Control effort of the left wheel (b) Control effort of the right wheel 

(c) Control effort of the first link (d) Control effort of the second link 

(e) Control effort of the payload 
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The system successfully copes with external disturbance force applied with various 

amplitudes. The disturbance was applied on the left wheel, right wheel, first link, second 

link, and payload linear actuator to investigate the hybrid control system robustness. The 

results demonstrated considerable improvements compared to the previous study. As 

compared to the authors' previous work [38] the simulation results differ from the previous 

study in the maximum disturbance force applied. The maximum force applied in the 

previous work was 300N applied only on the tilt angles of the first link and second link. 

While in this study the maximum disturbance force was 350N applied on all the system 

components which successfully cope with an external disturbance with a high degree of 

robustness. The system specifications for each simulation result when disturbances are 

applied to each system part separately are provided in APPENDIX-B. 

 

 

 

 

 

 

 

 

 

 

 

 

 



85 
 

5.3 Summary 

This chapter evaluates the two-wheeled robot vehicle robustness by applying external 

disturbances with different amplitudes. The two-wheeled robot vehicle is simulated to 

move on flat surfaces. External disturbance forces are applied on each part of the vehicle 

separately to assess the robustness of the hybrid controllers and study the control system 

to overcome external disturbances. Simulation results explain the control system's 

robustness and ability to cope with external disturbance. To validate the system's 

performance, disturbance forces of various amplitudes were applied. The robot vehicle 

applied forces measurements of 50N, 100N, 250N, 300N, 350N at all the system 

components, including the left wheel, right wheel, first link, second link, and the payload 

linear actuator. The system with different disturbances and related control efforts responses 

were achieved. From the system response, it can be noticed that the system successfully 

rejected the external disturbance and back to the desired point. The external disturbances 

applied on the left wheel produced positive peaks at the left wheel, demonstrating the 

oscillations at the right wheel and the first link, using more significant disturbance force 

produced larger peaks. The right wheel responses were precisely the same effect as the left 

wheel responses, and this explains the correspondence between the wheels when external 

disturbances were applied. The response of the system with disturbance applied at the first 

link produces positive peaks at the tilt angle of the first link, and the peaks increase with 

increasing the disturbance force used. Negative peaks appeared at the displacement of the 

left wheel and right wheel to keep the vehicle moved in the opposite direction and the tilt 

angle upright. Applying disturbance on the second link's centre yielded oscillations in the 

tilt angle of the second link while the other system components do not affect it. The 

disturbance force is applied at the payload. It was only affected the payload response 

without changing other system parts. The disturbance force generates positive peaks 

increased with increasing the force used. 

The simulation results showed the ability of the control system to stabilise the robot vehicle 

and cope with different disturbance forces applied. Chapter six will produce the conclusion, 

contribution, and future work. 
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Chapter Six 

Conclusion, Contribution, and Future works 

6.1  Conclusion 

The purpose of this study was to develop control approaches for a two-wheeled robot 

vehicle with five degrees of freedom. The concept is based on a double inverted pendulum 

system that has been modified to include the ability to extend the payload to the desired 

height. The main parts of the robot are the left wheel, right wheel, first link, second link, 

and movable payload that can move in a variety of situations and different environments. 

Consequently, to develop appropriate control techniques which are beneficial and effective 

in dealing with the many conditions encountered in the robot vehicle. The mathematical 

system model of the robot with two wheels has been presented using the Euler-Lagrange 

technique that yields five non-linear equations used to describe the suggested model move 

on flat surfaces. A Proportional Integral Derivative (PID) controller and proportional 

derivative (PD) controller have stabilised the system, but with higher exerted effort, then a 

Fuzzy Logic Controller (FLC) was developed for the system stabilisation with fewer 

torques exerted, so hybrid controllers were designed to include PID with FLC and PD with 

FLC for vehicle control. The hybrid controller combined the excellent specifications of 

both control systems used previously moreover, it enhanced the system responses in terms 

of the system specifications and control effort. The following significant conclusions were 

obtained: 

1. Test the system open-loop response with different force input signals applied to the 

payload actuator to analyse the system stability. 

2. Design PID control system which produces successful stable response but with 

higher controller effort at each part of the system, especially the wheels that 

exceeded more than 300N.m. 

3. Design FLC controllers that produce a stable response for each part and 

significantly reduce controller effort exerted for system stabilisation compared with 

PID controllers. 
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4. Design hybrid control system includes PID with FLC that improved the system 

specifications with system controller effort exerted for both wheels 36.45N.m and 

4N.m for the first link with 0.0238N.m and 53.3N for the payload actuator. 

5. Investigate the system robustness by applying external disturbances with different 

amplitudes, including 50N, 100N, 250N, 300N and 350N at each part separately.   

 

An external disturbance with various amplitudes is applied to the model parts to test the 

robustness of the designed controller. The responses show that the designed controller has 

highly system control robustness that can cope with different forces applied. Thus, 

concluding and fulfilling the objectives and goals of this research. 

6.2  Contribution 

The contributions made in this study are: 

• Investigating the problem of stabilising the two wheels robot with a movable payload 

based on a double inverted pendulum system.  

• Evaluate and analyse the system performance by applying different input signals at the 

payload actuator.  

• Design and implement different robust controllers and comparison system behaviour 

considering the proposed control systems used. 

• Validate the control systems used by applying various force input signals on the 

payload to test the control system stability.   

• Assess the ability of the designed control system to overcome and reject external 

disturbances with different amplitudes. 
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6.3  Future Works 

The following recommendations can be considered for future work: 

• Apply different optimisation algorithms to improve the control system parameters.  

• Balancing the two-wheeled robot vehicle while manoeuvring on inclined surfaces.  

• Design different control systems techniques to test the system stability. 

• Adding more degrees of freedom to the structure could provide it more mobility and 

flexibility for application designs. 
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APPENDICES 

APPENDIX-A 

The constants used when the model move on flat surface. 

𝐶1 = 2𝐿21 + 𝐿2𝑢 

𝐶2 = 2𝐿21 + 2𝐿2𝑢 

𝐶3 = 𝐿1(𝑀1 + 2(𝑀𝑚 + 𝑀2𝑙 + 𝑀 + 𝑀𝑎 + 𝑀2𝑢)) 

𝐶4 = 𝐿2𝑙(𝑀2𝑙 + 2𝑀𝑎) 

𝐶5 = 𝑀2𝑢𝐶1 + 𝑀𝐶2 

𝐶6 = 𝐶8 = 𝑀2𝑢 + 𝑀 

𝐶7 = 𝑀1 + 𝑀𝑚 + 𝑀 + 𝑀2𝑙 + 𝑀2𝑢 + 𝑀𝑎 

𝐶8 = 𝑀2𝑢 + 𝑀 

𝐶9 = 𝑀1 + 2𝑀𝑚 + 2𝑀2𝑙 + 2𝑀 + 2𝑀𝑎 + 2𝑀2𝑢 

𝐶10 = 𝐿2𝑙(𝑀2𝑙 + 2𝑀𝑎) + 𝑀2𝑢𝐶1 + 𝑀𝐶2 

𝐶11 = 𝐿2𝑙
2 (𝑀2𝑙 + 4𝑀𝑎) + 𝑀2𝑢𝐶1

2 + 𝑀𝐶2
2 

𝐶12 = 2𝑀2𝑢𝐶1 + 2𝑀𝐶2 

𝐶13 = 𝐿𝑙(𝑀1 + 2𝑀𝑚) + 2𝐿1(𝑀2𝑙 + 𝑀2𝑢 + 𝑀𝑎 + 𝑀) 

𝐶14 = 𝐿2𝑙𝑀2𝑢 + 2𝐿2𝑙𝑀𝑎 + 𝑀2𝑢𝐶1 + 𝑀𝐶 

𝐶15 = 𝐶4 + 𝐶5 

𝐶16 = 2𝐽𝑤 + 𝐽𝐼𝐵 

𝐶17 = 𝑀𝑤𝑅𝑤
2 + 𝐽𝑤 

𝐶18 = 2𝐿1
2(𝑀2𝑙 + 𝑀2𝑢 + 𝑀𝑎 + 𝑀) +

1

2
(𝑀1𝐿1

2 + 𝐽1) +
1

2
(4𝑀1𝐿1

2 + 𝐽𝑚) 

𝐶19 = 𝐽2𝑙 + 𝐽2𝑢 + 𝐽𝑎 + 𝐽𝑀 

𝐶20 = 𝐶11 + 𝐶19 

𝐶21 =
1

2
𝑅𝑤

2 𝐶7 + 𝐶17 

𝐶22 =
1

4
𝑅𝑤

2 𝐶7 
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APPENDIX-B 

Table B.1: Disturbance applied on the left wheel. 

50N Rise Time Settling Time Overshoot Peak Time 

Left Wheel 0.6730s 60.6467s 4.708% 10.201s 

Right Wheel 0.6730s 1.2685s 4.737% 1.0551s 

First Link 0.07209s 62.0666s 88.007% 1.1471s 

Second Link 4.529s 9.6468s 0.505% 13.187s 

Payload 7.904s 59.7980s 0.510% 30.220s 

 

100N Rise Time Settling Time Overshoot Peak Time 

Left Wheel 0.66813s 61.0987s 4.725% 10.344s 

Right Wheel 0.66947s 1.2688s 4.737% 1.055s 

First Link 0.157911s 66.1863s 146.204% 1.729s 

Second Link 4.529s 9.6468s 0.505% 13.138s 

Payload 7.977s 59.7980s 0.505% 30.320s 

 

250N Rise Time Settling Time Overshoot Peak Time 

Left Wheel 0.1212s 63.0587s 179.898% 10.742s 

Right Wheel 0.66947s 1.2687s 4.737% 1.055s 

First Link 0.10868s 70.7000s 145.986% 11.566s 

Second Link 4.529s 9.6468s 0.505% 13.170s 

Payload 7.910s 59.7980s 0.510% 30.320s 

 

300N Rise Time Settling Time Overshoot Peak Time 

Left Wheel 0.3133s 63.9389s 32.543% 10.822s 

Right Wheel 0.669s 1.2687s 4.737% 1.055s 

First Link 0.0036s 71.1626s 250.014% 11.580s 

Second Link 4.529s 9.6468s 0.505% 13.171s 

Payload 7.901s 59.7980s 0510% 30.320s 
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350N Rise Time Settling Time Overshoot Peak Time 

Left Wheel 0.4636s 65.0493s 9.071% 11.033s 

Right Wheel 0.6694s 1.2686s 4.737% 1.055s 

First Link 0.0644s 69.3005s 374.054% 11.656s 

Second Link 4.529s 9.6468s 0.505% 13.162s 

Payload 7.901s 59.7980s 0.510% 30.320s 
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Table B.2: Disturbance applied on the right wheel. 

50N Rise Time Settling Time Overshoot Peak Time 

Left Wheel 0.66947s 1.2685s 4.737% 1.055s 

Right Wheel 0.66947s 60.6467s 4.708% 10.201s 

First Link 0.070209s 62.0666s 88.007% 1.729s 

Second Link 4.529s 9.6468s 0.505% 13.187s 

Payload 7.904s 59.7980s 0.510% 30.320s 

 

100N Rise Time Settling Time Overshoot Peak Time 

Left Wheel 0.66813s 61.0987s 4.725% 10.344s 

Right Wheel 0.66947s 1.2688s 4.737% 1.055s 

First Link 0.157911s 66.1863s 146.204% 1.729s 

Second Link 4.529s 9.6468s 0.505% 13.138s 

Payload 7.977s 59.7980s 0.505% 30.320s 

 

250N Rise Time Settling Time Overshoot Peak Time 

Left Wheel 0.1212s 63.0587s 179.898% 10.742s 

Right Wheel 0.66947s 1.2687s 4.737% 1.055s 

First Link 0.10868s 70.7000s 145.986% 11.566s 

Second Link 4.529s 9.6468s 0.505% 13.170s 

Payload 7.910s 59.7980s 0.510% 30.320s 

 

300N Rise Time Settling Time Overshoot Peak Time 

Left Wheel 0.3133s 63.9389s 32.543% 10.822s 

Right Wheel 0.669s 1.2687s 4.737% 1.055s 

First Link 0.0036s 71.1626s 250.014% 11.580s 

Second Link 4.529s 9.6468s 0.505% 13.171s 

Payload 7.901s 59.7980s 0510% 30.320s 

 



103 
 

 

350N Rise Time Settling Time Overshoot Peak Time 

Left Wheel 0.4636s 65.0493s 9.071% 11.033s 

Right Wheel 0.6694s 1.2686s 4.737% 1.055s 

First Link 0.0644s 69.3005s 374.054% 11.656s 

Second Link 4.529s 9.6468s 0.505% 13.162s 

Payload 7.901s 59.7980s 0.510% 30.320s 
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Table B.3: Disturbance applied on the first link. 

50N Rise Time Settling Time Overshoot Peak Time 

Left Wheel 0.6694s 60.6787s 4.737% 1.055s 

Right Wheel 0.6694s 60.6787s 4.737% 1.055s 

First Link 0.0612s 63.1500s 141.409% 1.729s 

Second Link 4.529s 9.6468s 0.505% 13.186s 

Payload 7.903s 59.7980s 0.510% 30.320s 

 

100N Rise Time Settling Time Overshoot Peak Time 

Left Wheel 0.6661s 61.2972s 5.245% 10.830s 

Right Wheel 0.6661s 61.2972s 5.245% 10.830s 

First Link 0.1430s 67.3355s 316.934% 35.596s 

Second Link 4.529s 9.6468s 0.505% 13.154s 

Payload 7.902s 59.7980s 0.510% 30.320s 

 

250N Rise Time Settling Time Overshoot Peak Time 

Left Wheel 1.419s 63.0538s 14.848% 37.822s 

Right Wheel 1.419s 63.0538s 14.848% 37.822s 

First Link 0.0056s 70.6385s 400.007% 60.728s 

Second Link 4.528s 9.6468s 0.505% 13.280s 

Payload 7.901s 59.7980s 0.510% 30.320s 

 

300N Rise Time Settling Time Overshoot Peak Time 

Left Wheel 1.212s 64.0356s 25.530% 62.939s 

Right Wheel 1.212s 64.0356s 25.530% 62.939s 

First Link 0.06847s 71.1251s 470.809% 35.830s 

Second Link 4.528s 9.6468s 0.505% 13.267s 

Payload 7.902s 59.7980s 0.510% 30.320s 
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350N Rise Time Settling Time Overshoot Peak Time 

Left Wheel 1.296s 65.1262s 26.837% 63.307s 

Right Wheel 1.296s 65.1262s 26.837% 63.307s 

First Link 0.1321s 69.1453s 161.319% 10.782s 

Second Link 4.528s 9.6468s 0.505% 13.245s 

Payload 7.901s 59.7980s 0.510% 30.320s 
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Table B.4: Disturbance applied on the second link. 

50N Rise Time Settling Time Overshoot Peak Time 

Left Wheel 0.6694s 1.2677s 4.737% 1.055s 

Right Wheel 0.6694s 1.2677s 4.737% 1.055s 

First Link 0.0621s 9.6135s 99.960% 1.729s 

Second Link 0.1835s 70.7731s 24.224% 35.459s 

Payload 7.902s 59.7980s 0.510% 30.320s 

 

100N Rise Time Settling Time Overshoot Peak Time 

Left Wheel 0.6694s 1.2698s 4.737% 1.055s 

Right Wheel 0.6694s 1.2698s 4.737% 1.055s 

First Link 0.0621s 9.5544s 99.960% 1.729s 

Second Link 0.1094s 71.7194s 136.427% 35.459s 

Payload 7.902s 59.7980s 0.510% 30.320s 

 

250N Rise Time Settling Time Overshoot Peak Time 

Left Wheel 0.6694s 1.2678s 4.737% 1.055s 

Right Wheel 0.6694s 1.2678s 4.737% 1.055s 

First Link 0.0621s 9.6062s 99.960% 1.729s 

Second Link 0.4720s 75.2021s -0.309% 35.828s 

Payload 7.902s 59.7980s 0.510% 30.320s 

 

300N Rise Time Settling Time Overshoot Peak Time 

Left Wheel 0.6694s 1.2672s 4.737% 1.055s 

Right Wheel 0.6694s 1.2672s 4.737% 1.055s 

First Link 0.0621s 9.6214s 99.960% 1.729s 

Second Link 0.5329s 74.4226s -0.927% 10.930s 

Payload 7.902s 59.7980s 0.510% 30.320s 
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350N Rise Time Settling Time Overshoot Peak Time 

Left Wheel 0.6694s 1.2685s 4.737% 1.055s 

Right Wheel 0.6694s 1.2685s 4.737% 1.055s 

First Link 0.0621s 9.5857s 99.960% 1.729s 

Second Link 0.9140s 75.2441s 18.049% 60.956s 

Payload 7.902s 59.7980s 0.510% 30.320s 
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Table B.5: Disturbance applied on the payload. 

50N Rise Time Settling Time Overshoot Peak Time 

Left Wheel 0.6694s 1.2687s 4.737% 1.055s 

Right Wheel 0.6694s 1.2687s 4.737% 1.055s 

First Link 0.0621s 9.5806s 99.960% 1.729s 

Second Link 4.529s 9.6468s 0.505% 13.234s 

Payload 7.815s 60.5946s 4.737% 35.226s 

 

100N Rise Time Settling Time Overshoot Peak Time 

Left Wheel 0.6694s 1.2688s 4.737% 1.055s 

Right Wheel 0.6694s 1.2688s 4.737% 1.055s 

First Link 0.0621s 9.5751s 99.960% 1.729s 

Second Link 4.528s 9.6468s 0.505% 13.206s 

Payload 7.846s 60.9714s 9.341% 35.310s 

 

250N Rise Time Settling Time Overshoot Peak Time 

Left Wheel 0.6694s 1.2684s 4.737% 1.055s 

Right Wheel 0.6694s 1.2684s 4.737% 1.055s 

First Link 0.0621s 9.5751s 99.960% 1.729s 

Second Link 4.529s 9.6468s 0.505% 13.221s 

Payload 7.865s 61.8512s 46.324% 35.567s 

 

300N Rise Time Settling Time Overshoot Peak Time 

Left Wheel 0.6694s 1.2681s 4.737% 1.055s 

Right Wheel 0.6694s 1.2681s 4.737% 1.055s 

First Link 0.0621s 9.6014s 99.960% 1.729s 

Second Link 4.529s 9.6468s 0.505% 13.270s 

Payload 7.900s 62.2652s 65.833% 35.642s 
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350N Rise Time Settling Time Overshoot Peak Time 

Left Wheel 0.6694s 1.2686s 4.737% 1.055s 

Right Wheel 0.6694s 1.2686s 4.737% 1.055s 

First Link 0.0621s 9.6041s 99.960% 1.729s 

Second Link 4.529s 9.6468s 0.505% 13.253s 

Payload 7.781s 62.7554s 91.346% 35.700s 
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 الخلاصة

نظام التحكم لروبوت ذات العجلتين مع حمولة قابلة للتمديد. يعتمد هذا النظام    تحديد يهدف هذا العمل الى  

العجلة اليمنى, العجلة )أجزاء تتضمن    خمسة  على آلية البندول المقلوب المزدوج. يتألف النموذج من 

ى رفع اليسرى, الرابط الأول, الرابط الثاني, والحمولة القابلة للتمديد(. يتمتع هذا الروبوت بقدرته عل

الحمولة حسب الارتفاع المطلوب مما يوفر مزيداً من المرونة والراحة والحماية للمستخدمين مع الحفاظ 

 على استقرار النظام اثناء حركته في بيئات مختلفة.  

للاستفادة  (Euler-Lagrange equations) رياضية    تم اشتقاق النموذج الرياضي باستخدام معادلات 

فقد شكل تحديات غير خطي    ولكونهو نظراً للاقتران الشديد بين أجزاءه وتعقيده    ،منها في بناء المتحكم

للتحكم في أجزاء النظام بما في ذلك موازنة الجسم الوسطي المتألف من جزئين و الإزاحة الزاوية  

 للعجلات بالإضافة الى رفع الحمولة للارتفاع المطلوب.

تصميم   استتم  لدراسة  مختلفة  تحكم  العجلتين.  طرق  ذات  للمركبة  النظام   الأولالنوع  يشمل  قرار 

 Proportional Derivative و  Proportional Integral Derivative   (PID)متحكمين هما 

(PD) ..هذه الطرق تم ضبطها تدريجيا حتى وصول أجزاء النظام الى حالة الاستقرار 

. بالإضافة الى النوع الثالث  Fuzzy Logic Controller (FLC)النوع الثاني من المسيطرات هو

هجين   مسيطر  السابقين  ووهو  النوعين  من  كل  يشمل   hybrid controller (PID+FLC)الذي 

 . (PD+FLC)و

جميع طرق التحكم المختلفة التي تم استخدامها ساعدت على استقرار النموذج حيث أن النوع الأول  

(PID-PD من اكثر  الى  تصل  والتي  للمسيطر  أعلى  جهد  بذل  مع  ولكن  مستقرة  استجابة  حقق   )

300N.m    استقرار لتحقيق  المسيطر  جهد  تقليل  الضروري  من  ذلك  مع  العجلات.  لمحرك  بالنسبة 

النظام وقد لوحظ انخفاض جهد المسيطر في جميع أجزاء النظام ومع استجابة مستقرة عندما تم تصميم  

 . 45N.mحيث بلغ جهد المسيطر لتحريك العجلات اليمنى و اليسرى اقل من (. FLCمسيطر )

ذلك جمع    بعد  على  ساعد  بدوره  والذي  السابقتين  الطريقتين  بين  يجمع  هجين  مسيطر  تصميم  تم 

تحسين الاستجابة الكلية لجميع الأجزاء دون التأثير على    مما أدى الى  الخصائص الجيدة بين الطريقتين

 ام. استقرارية النظ



111 
 

تتضمن  والتي  النظام  ومواصفات  المسيطر  جهد  على  بناءً  النظرية  النتائج  بين  المقارنة  تطبيق  تم 

(settling time, rise time, overshoot, peak time, and steady-state error  )لحصول  ل

 على أفضل وحدات تحكم للنظام المقترح.

وكانت أقصى قوى تم تسليطها   اختبار متانة نظام التحكممن أجل    تم تسليط قوى خارجية ذات قيم مختلفة

على كل جزء من أجزاء الروبوت لدراسة قدرة النظام على التعامل مع مختلف القوى    350Nبقيمة  

 الخارجية التي قد يتعرض لها النموذج. 

الذكر آنفة  النتائج  على  الحصول  مع    بغية  العجلتين  ذات  النموذج  محاكاة  تنفيذ  المنقولة تم  الحمولة 

  .(MATLAB/Simulink) المصممة بأنظمة تحكم مختلفة باستخدام برنامج الماتلاب 
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 جمهورية العراق

 وزارة التعليم العالي والبحث العلمي 

 جامعة كربلاء/كلية الهندسة

 قسم الهندسة الكهربائية والالكترونية

 

 

 

 للمركبة الآلية ذات العجلتين بناءً على تقنية المنطق الضبابي تصميم وحدة التحكم 

 

 الى مقدمة رسالة

 كربلاء جامعة /الهندسة كلية

   الكهربائية الهندسة علوم في الماجستير شهادة نيل متطلبات من كجزء

 

 من قبل

 صباح حسين   يمُنى

 

 تحت اشراف

 أ.م.د. حيدر جليل كامل

 عبدالهادي أحمد أ.م.د. أحمد 
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