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ABSTRACT 

This research presented an efficient control scheme for Flexible Manipulator with an 

identified controller designed from the combination of the desired characteristics of two 

PID controllers. The identifiedmodel controller is capable of providing more accurate and 

precise hub angle step response thanthe PID controllerswith a decrease of 73% settling 

time of PID1 and a decrease of 81% overshoot of PID2. The identified controller 

provided a better tip deflection step responsethan PID2 with a decrease of 17% and 73% 

for the settling time and overshoot respectively. The identified controller is capable of 

providing more accurate and precise hub angle response when tested with a bang-bang 

signal than both PID controllers with only an increase of 7% overshoot to the reference 

signal as compared to PID1 with a decrease of 79% to the reference signal and PID2 with 

an increase of 29% to the reference signal. The simulation was done on MATLAB 

R2015a simulink environment using System Identification Toolbox and the result shows 

that better performance was achieved using the identified controller because of its 

robustness to track different input signals to the system. 
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CHAPTER ONE 

INTRODUCTION 

1.1 Study Background 

Control of flexible manipulators has been an interesting field of research for the past two 

decades. A significant increase in the number of researches in control of flexible 

manipulators has been reported. This is due to increase in demand for a high speed 

industrial robot[1]. The need for a light-weight robot, for industrial applications increases 

significantly, due to their advantages over heavy weight robot. Some of the advantages of 

flexible light weight robots are; they can easily be driven by small sized actuator, they 

consumed less electrical power, high-speed operation, low cost and have light weight[1].  

Many novel robotics manipulators applications needs lighter robots that consumed less 

amount of power for their operation. These types of robot are widely used for space 

robot, micro-surgery operation and nuclear plant maintenance [2]. Figure 1.1 shows a 

pictorial diagram of a flexible manipulator  

 

Figure 1.1 Flexible Manipulator [2] 
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However, they have some disadvantages due to elasticity of the system and high vibration 

which make their control design very complicated[3]. To achieve precise hub angle 

positioning and low tip deflection is a complex task especially for the system with 

varying payload. This is due to their flexible nature which is associated with high 

vibration and tip deflection during operation. The deflection increases with inclusion, of a 

payload attached to the link [4]. Figure 1.2 shows a schematic diagram single-link flexible 

manipulator system. 

 

Figure 1.2 Schematic diagram of a flexible Manipulator[5] 

 

There are two main issues that create problems in the design of flexible manipulator 

controllers. These are: problems due to  

• high order of the systems 

• non-minimum phase dynamics of the system that exist between the tip position 

and the applied torque at the hub of the system [6]. 

 

1.2 Problem Statementand Significance of Study 

A flexible manipulator system is a system that operates with high vibration and tip 

deflection. Moreover, the vibration and tip deflection becomes highly significant when a 

payload is attached to the flexible link. An efficient control scheme is needed to achieve a 

precise hub angle positioning with low tip deflection. In addition, the control design is 

difficult due to high order and non-linearity of the system [7]. 
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As a result of the above mentioned problems, researchers implemented many different 

control methods to solve these problems. Such as pole placement [8], Linear Quadratic 

Gaussians (LQG) [9], PID controllers [10], adaptive control techniques [11], neural 

networks and fuzzy logic control algorithms.[14-20]. In this project, a PID-based identified 

model from the PID controllers is obtained and applied to the system in order to give a 

precise hub angle and further suppress the tip deflection. 

1.3 Aim and Objectives 

The aim of this project is to develop an identified model controller for a single link 

flexible manipulator. To achieve this aim, the following objectives were set; 

1. Designing two PID controllers with different desired characteristics. 

2. Designing an identified model controller for the system. 

3. Comparing the performance analysis of the PID controllers with the identified 

controller to the plant model adopted for the flexible manipulator system. 

1.4 Methodology 

The methods to be adopted in this research are represented in the following steps: 

1. The model of the system was adopted as described from [22] 

2. Auto tuning based on desired characteristics was used to design two PID 

controllers with PID1 having a slow response and no overshoot and PID2 having 

a fast response and overshoot 

3. Matlab/Simulation R2015a is used to obtain input/output of the system using each 

PID controller 

4. Matlab/Simulation result of the PID controllers was used to design a proposed 

controller  

5. Matlab/Simulation result is used to obtain input/output of the system using the 

proposed controller 

6. Comparison of results of the PID controllers and the identified model. 
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1.5 Scope and Limitation 

The scope of study is limited to a single link flexible manipulator. The implementation of 

the control scheme is limited to simulation. 

1.6 Thesis Organization 

The thesis report was organized as follows.Chapter one presents the introduction, aims 

and objectives, methodology, scope and limitation.Chapter two presents the overview 

ofPID theory,literature review of the research. Chapter three contains the design 

procedures ofthe PID controllers and the proposed controller. Chapter four contains 

simulation results and discussion, while chapter five presents summary, conclusion and 

recommendations for future research work. 
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CHAPTER TWO 

LITERATURE REVIEW 

2.1 Introduction 

In this chapter,PID theory will be discussed andreview of past work reported by various 

researchers on PID controllers andLeast Squares (LS) parameter estimator as one of the 

most popular estimation algorithms. 

2.2PID Theory and Previous Work 

PID (Proportional – Integral - Derivative) control is one of the classical control methods 

that is frequently used nowadays especially in industry because of its simple structure and 

working stability. PID controllers are the most commonly used in industry, as a result of 

their limitations experience by academicians and industrialists.  

PID algorithm is used to compute the control signal that activates the real system based 

on the following formula. 

 

where u(t) is control signal, e(t) is error and y(t) is output response. Furthermore, Kp, KD 

and KI are PID parameters which need to be tuned. In this method, e(t) is the error 

variable that is reduced to zero upon parameter tuning. Thus the system response is 

adjusted to the desired reference. As shown from equation 2.1, u(t) control signal consist 

of three sums. The first one is product of e(t) error signal Kp which is proportional gain, 

and the second one is the product of KI which is integral gain by integral of e(t), finally 

the last one is product of KD which is derivative gain, and derivative of e(t). In general 

the effect of Kp, KD and KI gains which are the PID parameters on system response are 

shown in Table 2.1 
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Table 2.1 Effect of PID Parameters on System Response[13] 

 Rise Time Overshoot Settling Time Steady State Error 

Kp Reduce Increase Small Change Reduce 

KD Reduce Increase Increase Eliminate 

KI Small Change Reduce Reduce Small Change 

 

Improved versions of PID controllers were designed and implemented by researchers to 

make them more efficient. Some researchers came up with alternative controllers by 

combining PID control with resonant controllers for flexible structures in decision and 

control as in [24].  

PID controller is the most dominating form of feedback in use today where more than 

90% of all control loops are PID[10]. Most loops are in fact PI because derivative action 

is not used very often. Strength of the PID control is that it also deals with important 

practical issues such as actuator saturation and integrator windup. Beside the 

development of design methods for PID control, there are some difficult problems that 

remained to be solved such as there is no characterization of the process where PID 

control is useful. 

2.2.1 PID with State Feedback Control 

In [13],the researchers proposed the use of PID and State Feedback control methods to 

control the position and trajectory of a single-link flexible manipulator. The experimental 

results were compared for each control method. In the study, PID and state feedback 

control responses are similar; each control methods have advantages and disadvantages. 

Step responses of PID control method are more satisfactory than the state feedback 

control because it has less overshoot and less oscillation but has higher rise time than 

state feedback. The result shows that state feedback control slightly outperforms the PID 

control in controlling the position and trajectory of the single-link flexible manipulator. 
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2.2.2 PID Control with Genetic Optimisation 

In [14],a genetic algorithm (GA) to optimize the parameters of a PID-based controller of 

the manipulator system in vertical motion was used. Genetic algorithms (GA) were used 

to develop controllers placed in the feedforward path, feedforward and feedback paths 

and with iterative learning control for control of rigid-body motion and flexible motion 

dynamics of the system. Input and output data from the simulation were collected and 

used with GA to obtain suitable controller parameters of the system. Simulation results of 

the response of the manipulator system with the developed controllers were presented and 

a comparative assessment of the performance of the developed controllers with PID, PID-

PID and PID-ILC controller were provided. 

Three different control methods (PID, PID-PID and PID-ILC) were used to test four 

outputs namely hub angle, hub velocity, end-point acceleration and end-point residual. 

For hub angle control, it was noted that PID and PID-PID gave the best maximum 

overshoot output and steady states output. The settling time for PID, PID-PID and PID-

ILC controller were the same resulting to the good performance of the flexible 

manipulator. For hub velocity, end-point acceleration and end-point residual, it was 

notedthat PID control resulted in the best performance, followed by PID-PID control and 

PID-ILC. A similar trend is observed with the PID and PID-PID controllers, where the 

best reduction in the magnitude of vibration was achieved with PID-PID control 

compared to PID and PID-ILC. 

2.2.3PID Control with LQR 

In [15], investigations into the development of control schemes for end-point vibration 

suppression and input tracking of a flexible manipulator were presented. A constrained 

planar single-link flexible manipulator is considered and the dynamic model of the 

system is derived using the assumed mode method. 

To study the effectiveness of the controllers, initially a Linear Quadratic Regulator 

(LQR) is developed for control of rigid body motion. This is then extended to incorporate 

a non-collocated PID controller for control of vibration (flexible motion) of the system. 
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It was noted that high performance in the reduction of vibration of the system was 

achieved using LQR with non-collocated PID control. This was observed and compared 

to the LQR controller at the first two mode of vibration. For comparative assessment, the 

levels of vibration reduction of the end-point acceleration were obtained as 37.14 dB and 

8.04 dB at the first two mode of vibration respectively. Moreover, almost two-fold 

improvement in the end-point acceleration reduction was observed with LQR with non-

collocated PID as compared to the LQR controller. However, as demonstrated in the end-

point trajectory response, there was not much difference between LQR with non-

collocated PID control and LQR controller in terms of speed of the response. Besides, the 

implementation of LQR with non-collocated PID required a large amount of design effort 

in order to determine the best PID parameters. Note that a properly tuned PID could 

produce better results thus, having a better reduction in the vibration. 

2.2.4Fuzzy PID Control 

In [16], a robust fuzzy-tuned PID controller for the trajectory tracking and vibration 

control of a flexible joint manipulator system (FJMS) with parametric uncertainties was 

proposed. Flexible joint manipulators are widely used in industry due to their flexibility, 

light in weight and fast response, low cost, and low energy consumption. The dynamic 

modeling via Euler-Lagrange equation for a single link FJMSwas presented first. By 

analyzing the characteristics of the high order linear system, the Fuzzy-Tuned PID 

control strategy was utilized. The parameters of classical PID controller are updated by 

the intelligent method of fuzzy logic. With the adaptivity to the parametric uncertainties 

from the system stiffness and moment of inertia, the contrived approach provides more 

efficient results compared to existing techniques in terms of vibration suppressions, time 

response, and overshoot.  

The fuzzy-tuned PID controller technique was presented in this paper to resolve the 

problem of parametric uncertainties, vibration suppression, and end-point trajectory 

tracking of a flexible joint manipulator system (FJMS). The gains of PID controller were 

tuned by an intelligent method using fuzzy logic which adds robustness and adaptivity to 

the controller. The optimum results were obtained from fuzzy-tuned PID controller 
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compared to the classical PID control strategy. In short, it can be concluded from 

experimental results that the excogitated control scheme can suppress the vibrations 

effectively and has a strong robustness to the flexible joint stiffness and the moment of 

inertia of the flexible load. The trajectory tracking performance of the designed controller 

is also very promising. Moreover, the presented controller is easy to be implemented, 

robust and adaptive in performance because the processing time is efficient with a better 

suppression in the vibration of the flexible joint manipulator. 

In [11], investigations into the development of PD type Fuzzy Logic Control (FLC) with 

non-collocated Proportional Integral Derivative (PID) for trajectory tracking and 

vibration control of a flexible joint manipulator was presented. To study the effectiveness 

of the controllers, a PD type Fuzzy Logic Controller was developed for tip angular 

position control of a flexible joint manipulator. This is then extended to incorporate a 

non-collocated PID Controller for vibration reduction of the flexible joint system. 

Simulation results of the response of the flexible joint manipulator with the controllers 

were presented in time and frequency domains. The performances of the non-collocated 

PID control schemes were examined in terms of input tracking capability, level of 

vibration reduction and time response specifications.  

The control schemes have been developed based on PD-type FLC and PD-type FLC with 

non-collocated PID control. The proposed control schemes were implemented and tested 

within the simulation environment of a single-link flexible joint manipulator. The 

performances of the control schemes were evaluated in terms of input tracking capability 

and vibration suppression at the resonance modes of the manipulator. Acceptable 

performance in input tracking and vibration control was achieved with proposed control 

strategies. A significant amount of vibration reduction at the joint of the manipulator was 

demonstrated with non-collocated PID. In terms of speed of responses, non-collocated 

PID results in a faster settling time response with high overshoot as compared to PD-type 

FLC. 

In [17], improving the tracking performance of robots was focused on. Therefore, at the 

first step, there was the need to use the physical relations of the system to determine a 

model for the flexible joint robot manipulator. In his research, the Fuzzy Logic Self- 
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Tuning PID (FLST-PID) controller was introduced to keep the rotating angle of the link 

of FJR at the desired position. In the classic PID forms, the parameter values of the 

controller i.e. Kp, Ki, Kd were calculated in many various methods like Ziegler-Nichols 

and are constant. In FLST-PID, the parameter values computed by intelligent methods 

like fuzzy logic and they vary during the controlling process. For demonstrating the 

ability of the proposed controller, some classic controllers like PID, LQR and State 

Feedback will be designed for FJR and the response of the system with these controllers 

will be compared. Moreover, by considering some uncertainty on systems parameters, the 

comparisons were performed once again. Simulation results confirmed the claims and 

showed that the proposed controller has the best response for the system especially in 

uncertainty conditions. 

2.3 Summary 

This chapter summarizes the PID theory and a brief review of the past work carried out 

by researchers in the field ofthe PID control system. Dynamical progress is shown 

towards exhibiting the use of PID control to solve real-world problems. However, 

difficulties are counted in tuning the PID parametersdue to the complexity of the 

nonlinear equations involved, also its performance analysis needs to be evaluated and 

shown clearly via simulations. The next chapter will present the design of the PID 

controllers and the PID-based identified controller.  
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CHAPTER THREE 

CONTROLLER DESIGN 

3.1 Introduction 

In this chapter, the model of the system will be described, followed by the PID design. 

The chapter also describes the use of least square estimation algorithm to design the 

identified controller. 

3.2Flexible Manipulator Plant 

The flexible manipulator mathematical models of both the hub angle and tip deflection in 

transfer function form are represented in equation 3.1 and equation 3.2. 

�
�� = ��.������������ ������������ ��.����!�"��.#$��!���.!#����
�%���.�!����.!�$������.�$��$� �!.��!�#�"   (3.1) 

�&'( = ��.������������#������##�� ��.����!�"

�%–��.�!����.!�$������.�$��$� �!.��!�#�"    (3.2) 

�� =  �
�� +  �&'(        (3.3) 

Parameters and the values of the flexible manipulator used during the course of the work 

are shown in table 3.1. 

Table 3.1 Schematic diagram symbol 

Parameters Symbols Values Units 

Young modulus E 71 × 10
9
 N/m

2
 

Mass density per unit volume ρ 2710 Kg/m
3 

Second moment of inertia I 5.1924 m
4 

Flexible link length L 0.9 m 

Width w 19.008 mm 

Thickness t 3.2004 mm 
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The flexible manipulator plant is a state space model that was adopted with the following 

parameters as shown in figure 3.1. 

 

Figure 3.1 Diagram ofFlexible Manipulator in State Space Form 

The model can also be represented in state space form as; 

+̇�-�  =  .+�-�  +  /0�-�       (3.4) 

1�-�  =  2+�-�  +  30�-�       (3.5)  

After substituting the respective values in the state space equations, the values for A, B, 

C, and D were obtained as shown in equations 3.6, 3.7, 3.8 and 3.9 respectively. 

Where: 

. =

4
5
5
5
5
6
0 0 0 1 0 0
0 0 0 0 1 0
0 0 0 0 0 1
0 58209 −27441 0 −33 −6
0 −38548 16329 0 −27 4
0 93918 −58611 0 16 −6B

C
C
C
C
D

  (3.6) 

/ =

4
5
5
5
5
6

0
0
0

1.0136
−0.8210
0.3041 B

C
C
C
C
D

      (3.7) 
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2 =

4
5
5
5
5
6
1 0 0 0 0 0
0 1 0 0 0 0
0 0 1 0 0 0
0 0 0 1 0 0
0 0 0 0 1 0
0 0 0 0 0 1B

C
C
C
C
D

     (3.8) 

3 = E0 0 0 0 0 0F     (3.9) 

3.3 PID Controller Design 

In this section, design procedure of the PID controller is presented. The time-domain 

equation and general transfer function of PID controller are given as in equation 3.10[19] 

and equation 3.11[22]. 

0

1 ( )
( ) ( ) ( )

t

P d

i

e t
U t K e t e d T d

T dt
τ τ

 
= + + 

 
∫

(3.10) 

1
C( ) P I DS K K K S

S
= + +

(3.11) 

Where ,p iK K  and dK  are the proportional gain, integral gain and derivative gain 

respectively. 

3.3.1 Auto Tuning Method 

Auto tuning based on desired characteristics was used to design two PID controllers with 

PID1 having a slow response and no overshoot and PID2 having a fast response and 

overshoot. The following gains used for each PID controller are shown table 3.2. 

Table 3.2 Auto tuning results 

Controllers GH GI  GJ K 

PID1 0.02035 1.641e-05 5.60797 15.7976 

PID2 607.741 187.149 109.278 5.5013 
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3.3.2 Obtaining Input/Output of the System 

Matlab/Simulation was used to obtain input/output of the system using each PID 

controller. Two different input (step and bang-bang) signals were used for the system. 

The input/output characteristics of the PID controllers were obtained by running it to a 

workspace as shown in figure 3.2. 

 

Figure 3.2 Simulink Block Diagram of PID1/PID2 Controller System 

 

3.4PID-Based Identified Controller Design 

A PID-based identified controller was designed from the combination of the desired 

characteristics of PID1 and PID2 controllers as shown in figure 3.3. 

 

Figure 3.3 Simulink Block Diagram of Proposed Controller System 

 



 

15 

 

For PID1, the input/output characteristics are LM/OM 

For PID2, the input/output characteristics are LP/OP  

The proposed controller input/output characteristics are LQ/OQ 

Where:  

 LQ = ELM; LPF        (3.12) 

 OQ = EOM; OPF        (3.13) 

Matlab/Simulation was used to obtain an identified controller from the combined desired 

output of the PID controllers. The transfer function of the PID-based identified controller 

are shown in equation 3.14 and equation 3.15 

ST�U� = $�!.�U��$��.$U ���.�#U"��.���U��.��$��
U���.$$��U ��.����##U"��.���$�U� �.����   (3.14) 

ST��� = $�!.������#��� ���$����"����������!�!���
����!.��� ������"��������.����    (3.15) 

3.5 Summary 

This chapter presents the design procedures of the PID controllers and the PID-based 

identified controller. Auto tuning was used to achieve a desired output of the two PID 

controllers and Matlab/Simulation using system identification toolbox was used to obtain 

an identified controller from the combined desired output of the PID controllers. The 

controllers were simulated under various test signals to investigate their performances, 

the next chapter will discuss the results obtained and findings with detailed illustrations.
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CHAPTER FOUR 

SIMULATION RESULTS AND DISCUSSION 

4.1 Introduction 

In this chapter, simulation results for hub angle and tip deflection control of flexible 

manipulator (FM) are presented and discussed. This is done with the creation of a 

proposed controller which is the PID-based identified controller that combines the 

characteristics of two PID controllers (PID1 and PID2) to get a better response. The 

results obtained for both PID controllers and the proposed controller were presented and 

compared under test signals of step response and bang-bang signal. 

4.2 Step Response 

A step signal was set as input to the system with PID1, PID2 and the Proposed 

Controller. PID1 controller has a slow response with no overshoot. PID2 has a fast 

response but with high overshoot. The proposed controller has small overshoot but with 

faster response than PID1 with no steady-state error. The output response of the system 

was taken and plotted. Figure 4.1 shows the Hub angle step response and table 4.1 

summarizes the output values. 
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Figure 4.1Hub Angle Step Responses of the Controllers 

Table 4.1 Summary of performance measures of FM hub angle step response 

 

For the tip deflection, a step signal was used as input to the controllers. PID1 has a small 

overshoot and undershoot and PID2 has a very high overshoot and undershoot. The 

proposed controller has a higher overshoot and undershoot than PID1 but less than PID2. 

PID1 settles faster than PID2 and the proposed controller. However, the proposed 

controller settles faster than PID2. Figure 4.2 shows the output response of the system 

and Table 4.2 summarizes the output values. 
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Steady state error 

 

PID1 45 0 0.021 

PID2 3 0.263 0 

Proposed Controller 12 0.0488 0 
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Figure 4.2Tip Deflection Step Responses of the Controllers 

Table 4.2 Summary of Performance Measures of FM Tip Deflection Step Response 

 

For the control signal, a step signal was used as input to the controllers. PID1 has a small 

overshoot and no undershoot and PID2 has a very high overshoot and undershoot. The 

proposed controller has a lower overshoot than PID2 but higher than PID1. PID1 settles 

faster than PID2 and the proposed controller. However, the proposed controller settles 
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Controllers Settling 

time (secs) 
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Undershoot 

(rad) 

Steady state error 

 

PID1 1.5 0.001 0.004 0 

PID2 3 0.026 0.0725 0 

Proposed 

Controller 

2.5 0.007 0.037 0 
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faster than PID2. Figure 4.3 shows the output response of the system and Table 4.3 

summarizes the output response values. 

 

Figure 4.3Control signal step responses of the controllers 

Table 4.3 Summary of performance measures of FM control signal step response 
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Controllers Settling time 

(secs) 

Overshoot 

(Nm) 

Undershoot 

(Nm) 

Steady state 

error 

PID1 1.25 100 0 0 

PID2 3 1200 220 0 

Proposed 

Controller 

2.5 620 100 0 
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4.3 Bang Bang Response 

The idea of using a bang-bang signal is to observe the output responses with the 

controllers whether it tracks the input signal at different time intervals. This will enable 

us to know the robustness of the system. A bang-bang signal was set as an input to the 

system, the output behavior of the system was observed with the controllers and the 

combined responses were plotted versus time and compared accordingly.  

Figure 4.4 shows the output signals of the hub angle output responses and table 4.4 shows 

the summary of the measured values. 

 

Figure 4.4 Hub Angle Bang Bang Signal Response 
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Table 4.4 Summary of Performance Measures of FM Hub Angle Bang Bang Response 

 

For tip deflection, a bang-bang signal was set as an input to the system, the output 

behavior of the system was observed with the controllers and the combined responses 

were plotted versus time and compared accordingly. PID1 has the smallest tip deflection. 

The proposed controller has a smaller tip deflection as compared to PID2. All the 

controllers have zero steady-state error. Figure 4.5 shows the output signals of the output 

responses and table 4.5 shows the summary of the measured values. 

 

Figure 4.5Tip Deflection Bang BangSignal Response 
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 Max value(rad) Min. value(rad) Steady state error 

Bang Bang signal 1.4 1.4 0 

PID1 0.3 0.1 0 

PID2 1.8 2.2 0 

Proposed Controller 1.5 1.5 0 
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Table 4.5 Summary of Performance Measures of FM Tip Deflection Bang Bang Response 

 

For the control signal, a bang-bang signal was set as an input to the system, the output 

behavior of the system was observed with the controllers and the combined responses 

were plotted versus time and compared accordingly. Figure 4.6 shows the output signals 

of the output responses and table 4.6 shows the summary of the measured values  

 

Figure 4.6 Control Signal Bang Bang Signal Response 
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Controller Max value 

(rad) 

Min. value 

(rad) 

Steady-state error 

PID1 0.01 0.01 0 

PID2 0.2 0.1 0 

Proposed Controller 0.1 0.05 0 
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Table 4.6 Summary of Performance Measures of FM Control Signal Bang Bang Response 

 

Looking at the plot from figure 4.4, it was observed that the proposed controller tracks 

the input bang-bang signal (reference signal) as compared to the output responses of 

PID1 and PID2. The bang-bang signal has a maximum value of 1.4 rad compared with 

the proposed controller value of 1.5 rad which is the closest of all the controllers where 

PID1 has 0.3 rad and PID2 has 1.8 rad maximum value. Furthermore, the minimum value 

of the bang-bang signal is 1.4 rad compared with the proposed controller minimum value 

of 1.5 rad which is also the closest value of all the controllers where PID1 has 0.1 rad and 

PID2 has 2.2 rad minimum value. This indicates that the proposed controller has a better 

precision and better robustness control than PID1 and PID2. 

4.4 Summary 

Having seen the results obtained, starting with the step signal response, the hub angle 

settling time for PID1 decreased by 73% compared to the proposed controller settling 

time. However, the settling time for PID2 increased by 300%. There was a percentage 

decrease of PID2 overshoot by 81% to the proposed overshoot. Tip deflection settling 

time for PID2 decreased by 17% compared to the proposed controller. However, settling 

time for PID1 increased by 50%.  PID2 overshoot decreased by 73% but with an increase 

of 86% for PID1. The control signal for PID2 decreased by 48% but with an increase of 

84% for PID1 when compared with the proposed controller. The results shows that PID1 

has the fastest response time than the remaining controllers and the proposed (PID-based 

identified) controller has the highest precison value than the PID controllers. 

Controller Max value 

(rad) 

Min. value 

(rad) 

Steady-state error 

PID1 100 200 0 

PID2 1900 3400 0 

Proposed Controller 800 1800 0 
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Considering results for the bang-bang signal response, the proposed controller hub angle 

maximum value has a slight increase of 7% with the reference bang-bang signal 

compared to PID1 with a decrease of 79% and PID2 with an increase of 29%. The 

minimum value for the proposed controller hub angle increase by 7% with the reference 

signal with a decrease of 93% for PID1 and an increase of 57% for PID2. The tip 

deflection maximum value for PID2 decreased by 50% compared to the proposed 

controller. However, the maximum value for PID1 increased by 900%.  PID2 minimum 

value decrease by 50% but with an increase of 406% for PID1.Control signal bang 

response for PID2 decrease by 58% but with an increase of 700% for PID1 when 

compared with the proposed controller. The results shows that PID1 has the best tip 

deflection response than the remaining controllers and the proposed (PID-based 

identified) controller has the highest robustness to track different time intervals than the 

PID controllers. 
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CHAPTER FIVE 

SUMMARY, CONCLUSION, AND RECOMMENDATIONS 

5.1 Conclusion 

The basic aim of this thesis is todevelop an identified model controller for a single link 

flexible manipulator. In order to realize this aim, a reasonable survey on different PID 

controller systems gives rise to a literature review presented in chapter two. The 

mathematical model of the Flexible Manipulator plant was adopted as presented in 

chapter three. The proposed controllers designed were set to provide a precise hub angle 

and tip deflection.  The controlled system as examined under various test signals showed 

that better performance was achieved using the proposed controller because of its 

robustness to track different input signals to the system for the hub angle with only a 

slight tip deflection better than PID2, with the help of 

MATLAB/SIMULINKenvironment simulation results were obtained and presented 

accordingly. 

5.2 Contribution 

The research contribution are highlighted below 

• The hub angle step response for the PID-based identified controller has a faster 

settling time than PID1 by 73%. 

• The hub angle step response for the identified controller has a better overshoot 

than PID2 by 81%. 

• The tip deflection step response for the identified controller has a better settling 

time than PID2 by 17%. 

• the hub angle bang-bang response of the identified controller has the best 

maximum value with only a slight increase of 7% with the reference bang-bang 
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signal as compared to PID1 with a decrease of 79% and PID2 with an increase of 

29%. 

5.3 Recommendation 

From the design, it can be seen that the precision of the system and the performance of 

the controller depends on the values of the gains. For future work, it is recommended that 

there is the need for further investigation of PID controller which will bring about simpler 

methods in tuning its parameters as need of precision are demanded especially in 

automatic control aspect. 
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