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In pursuite of comfortable driving in unpaved and off-roads, intelligent methods 
are used to improve the suspension systems in the vehicles. Semi-active 
suspension systems outperformed passive and active suspension systems 
because it contains an intelligent actuator that can give the appropriate force to 
dissipate unwanted vibration using intelligent and real-time controllers. This 
research examines Magneto-rheological (MR) fluid damper with a  Fuzzy-PID 
controller, one of the most extensively intelligent semi-active suspension 
system's actuators researched.  However, the Fuzzy logic algorithm used in the 
Fuzzy-PID controller cannot be wholly considered as a real-time controller; since 
it is fuzzy rules are designed offline and according to a previous knowledge base, 
which may not cope with the instant, unexpected vibrations that may occur. 
Commonly, the Fuzzy rules are optimized using offline optimization methods 
such as Differential Evolutionary (DE), Particle Swarms Optimization (PSO), or 
Artificial Neural Network (ANN) algorithms. In this research, Differential Evolution 
(DE) algorithm is modified to enhance the Fuzzy logic output gains to increase 
the performance of PID portion of the Fuzzy-PID controller. To ensure stability 
and robustness of the developed system, an active force controller (AFC) was 
added and tested to validate the final AFC-Fuzzy-DE-PID controller. The 
developed AFC-Fuzzy-DE-PID model was tested in two manners, first by 
simulation using MATLAB Simulink with sinusoidal and random disturbances. 
Then the model was tested experimentally in a quarter car test rig using different 
disturbances by means of a pneumatic actuator as an excitation. The test rig was 
developed at the control lab, Faculty Of Engineering in UPM. Results of the 
simulation tests for the developed controller showed that it has improved the 
vehicle's ride comfort by  23% - 62% better than the Fuzzy-DE-PID controller 
and both the Fuzzy-PID and the passive system, respectively, in sinusoidal 
disturbance condition. While in the random disturbance, the AFC-Fuzzy-DE-PID 
improved the vehicle's ride comfort by 48%, 83%, and 27% better than the 
Fuzzy-DE-PID, Fuzzy-PID, and the passive system, respectively. In the 
experimental tests on sinusoidal disturbance, the AFC-Fuzzy-DE-PID improved 
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the ride comfort by range of 0.4% - 2% better than the Fuzzy-DE-PID, range of 
6%-14% better than the Fuzzy-PID, and range of 30%-51% better than the 
passive system. While on the random disturbance of the experimental test, the 
ride comfort improved 1%, 3%, and 4% better than the Fuzzy-DE-PID, Fuzzy-
PID, and the passive system, respectively. By using this developed controller in 
any other real-time application, it will improve the performance to the highest 
levels without the need for a previous knowledge base for designing a real-time 
Fuzzy-PID controller. 
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Kaedah pintar adalah salah satu cara untuk menambahbaik sistem suspensi di 
dalam kenderaan tambahan lagi untuk mencapai pemanduan yang selesa di 
jalan yang tidak rata dan tidak berturap. Sistem suspensi separa aktif mengatasi 
sistem sedia ada iaitu pasif dan aktif kerana ia mengandungi penggerak pintar 
yang mampu untuk memberikan daya yang sesuai untuk mengurangkan getaran 
yang tidak diingini menggunakan masa-nyata papan pintar. Penyelidikan ini 
mengkaji peredam bendalir Magneto-rheologi (MR) dengan sistem pintar Fuzzy-
PID. Ia merupakan salah satu penggerak sistem suspensi pintar yang telah dikaji 
secara intensif dan impaknya. Walaubagaimanapun, algoritma logik Fuzzy yang 
digunakan di dalam pengawal pintar Fuuzy-PID tidak boleh dikategorikan 
sebagai pengawal masa-nyata sepenuhnya. Ini kerana ia telah direka secara di 
luar talian dan hanya mengikut pengkalan data yang sedia ada yang mungkin 
tidak dapat dilihat jika kajian dijalankan untuk getaran serta-merta atau lain-lain 
faktor yang menyumbang kepadanya. Lazimnya, peraturan Fuuzy dioptimumkan 
menggunakan kaedah secara luar talian seperti algoritma Evolusi Pembezaan 
(Differential Evolutionary), Particle Swarms Optimization (PSO), Artificial Neural 
Network (ANN). Di dalam kajian ini, algoritma Differential Evolution (DE) 
diubahsuai untuk menganjakkan pengeluaran logik Fuzzy untuk meningkatkan 
prestasi di peringkat pengawal Fuzzy-PID. Demi memastikan kestabilan dan 
keteguhan sistem yang dicadangkan, Pengawal Daya Aktif (AFC) telah 
ditambahkan ke dalam sistem dan diuji untuk mengesahkan peringkat akhir 
model AFC-Fuzzy-DE-PID. Model AFC-Fuzzy-DE-PID yang telah dicadangkan 
telah menjalani ujikaji melalui dua cara iaitu pertamanya melalui simulasi 
menggunakan perisian MATLAB Simulink dengan menggunakan sinusoidal dan 
rawak. Seterusnya, model tersebut telah menjalani eksperimen menggunakan 
rig ujikaji suku kereta yang dilengkapi oleh penggerak pneumatik sebagai 
penguja. Rig ujikaji ini telah dibina di Makmal Kawalan, Fakulti Kejuruteraan di 
UPM. Keputusan simulasi dan ujikaji kawalan untuk pengawal yang 
dicadangkan menunjukkan bahawa ia telah menambahbaik keselesaan 
perjalanan kenderaan sebanyak 23% dan 63% lebih baik berbanding pengawal 
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Fuzzy-DE-PID, dan juga kedua-dua Fuzzy-PID dan sistem pasif di dalam situasi 
gangguan sinusoidal. Sementara itu bagi gangguan rawak, AFC-Fuzzy-DE-PID 
telah meningkatkan keselesaan perjalanan kenderaan sebanyak 48%, 83% dan 
27% lebih baik berbanding Fuzzy-DE-PID, Fuzzy-PID dan sistem pasif. Di dalam 
ujian eksperimen ke atas gangguan sinusoidal, AFC-Fuzzy-DE-PID telah 
meningkatkan keselesaan tunggangan dengan julat 0.4% ke 2% lebih baik 
berbanding Fuzzy-DE-PID, julat 6% ke 14% lebih baik berbanding Fuzzy-PID, 
dan julat 30% ke 51% lebih baik berbanding sistem pasif. Sementara gangguan 
rawak keatas ujian eksperimen, keselesaan pacuan masing-masing bertambah 
baik sebanyak 1%, 3% dan 4% berbanding Fuzzy-DE-PID, Fuzzy-PID dan 
sistem pasif. Dengan menggunakan pengawal yang telah dicadangkan di dalam 
aplikasi masa-nyata yang lain, ia mampu meningkatkan prestasi ke tahap 
tertinggi tanpa memerlukan pangkalan data yang sebelumnya untuk 
merekabentuk pengawal Fuzzy-PID masa-nyata.  



© C
OPYRIG

HT U
PM

v 

ACKNOWLEDGEMENTS 

First and foremost, I thank Allah, my GOD, the Creator, the Merciful, the 
Generous, for his grace and favor upon us, and prayers and peace be upon the 
Prophet Muhammad - Peace be upon him- the faithful guide. And then thanks to 
Dr. Azizan B. As'arry for his tremendous efforts and continuous assistance 
throughout my journey in this study, who made every effort to ease the difficulties 
on my way. His continuous guidance was the first reason for my achievement. 
Thanks also to Assoc. Prof. Mohd. Khair b. Hassan and Assoc. Prof. Dr Abdul 
Aziz Bin Hairuddin, whose guidance played a major role in directing my research 
to the right path due to their involvement and great experience in research. 

I will not forget my mother's supplications, which included me with her blessings 
throughout my research, and which encouraged me and pushed me to complete 
this research to the end. Allah’s mercy be upon my father soal, who was my 
model in my life, and I was hoping that he would share my happiness with this 
achievement, inshAllah, my happiness would reach him wherever he was. I 
especially thank my wife and children, who have been patient so much until I 
achieved this achievement, and I hope to compensate them for all that they lost 
afterward and the hardship in life because of living. But the next is better, God 
willing. 

I thank my colleagues and friends in the college and in residence, and my 
brothers, sisters, and relatives who supported me financially and morally and 
constantly contacted me until I accomplished this great achievement. I wish them 
all success in life and progress for them and those they love. 

Thanks to everyone who contributed to completing this research, whether by 
participating in it, supporting, following up, or even praying for my success. I am 
asking Allah - the God - this work will be an ongoing charity for me and those 
who benefit from it and contribute to its development to serve humanity as a 
whole. 



© C
OPYRIG

HT U
PM

 

vii 

 

This thesis was submitted to the Senate of Universiti Putra Malaysia and has 
been accepted as fulfilment of the requirement for the degree of Doctor of 
Philosophy. The members of the Supervisory Committee were as follows: 
  
 
Azizan Bin As'arry, PhD  
Senior Lecturer 
Faculty of Engineering  
Universiti Putra Malaysia  
(Chairman) 
 
Mohd. Khair Bin Hassan, PhD  
Associate Professor Ir. Ts. 
Faculty of Engineering  
Universiti Putra Malaysia 
(Member) 
 
Abdul Aziz Bin Hairuddin, PhD  
Associate Professor 
Faculty of Engineering  
Universiti Putra Malaysia 
(Member) 
 
 
 
 
 
 

________________________ 
ZALILAH MOHD SHARIFF, PhD  
Professor and Dean 
School of Graduate Studies 
Universiti Putra Malaysia 
 
Date: 13 October 2022 

 
 
 
 
 
  



© C
OPYRIG

HT U
PM

viii 

Declaration by Graduate Student 

I hereby confirm that: 
 this thesis is my original work;
 quotations, illustrations and citations have been duly referenced;
 this thesis has not been submitted previously or concurrently for any other

degree at any institutions;
 intellectual property from the thesis and the copyright of the thesis are fully-

owned by Universiti Putra Malaysia, as stipulated in the Universiti Putra
Malaysia (Research) Rules 2012;

 written permission must be obtained from the supervisor and the office of the
Deputy Vice-Chancellor (Research and innovation) before the thesis is
published in any written, printed or electronic form (including books, journals, 
modules, proceedings, popular writings, seminar papers, manuscripts,
posters, reports, lecture notes, learning modules or any other materials) as
stated in the Universiti Putra Malaysia (Research) Rules 2012; 

 there is no plagiarism or data falsification/fabrication in the thesis, and
scholarly integrity is upheld in accordance with the Universiti Putra Malaysia 
(Graduate Studies) Rules 2003 (Revision 2015-2016) and the Universiti
Putra Malaysia (Research) Rules 2012. The thesis has undergone
plagiarism detection software 

Signature: ________________________   Date: _____________________ 

Name and Matric No.: Hesham Ahmed Abdul Mutaleb Abas   _



© C
OPYRIG

HT U
PM

 

ix 

 

Declaration by Members of Supervisory Committee  
 

This is to confirm that: 
 the  research and the writing of this thesis were done under our supervision; 
 supervisory responsibilities as stated in the Universiti Putra Malaysia 

(Graduate Studies) Rules 2003 (Revision 2015-2016) are adhered to. 
 
 

 
Signature:   
Name of Chairman 
of Supervisory 
Committee: 

 
 
Dr. Azizan Bin As'arry 

 

 
 
 
Signature: 

  

Name of Member of 
Supervisory 
Committee: 

 
Assoc. Prof. Dr Abdul Aziz Bin 
Hairuddin 

 

 
 
Signature: 

  

Name of Member of 
Supervisory 
Committee: 

 
Assoc. Prof. Ir. Ts. Dr. Mohd. 
Khair Bin Hassan 

 

 
 
 
 
  
  



© C
OPYRIG

HT U
PM

 

x 

 

TABLE OF CONTENTS 

        
        Page 
 
ABSTRACT  i 
ABSTRAK  ii 
ACKNOWLEDGEMENTS v 
APPROVAL vi 
DECLARATION viii 
LIST OF TABLES xiii 
LIST OF FIGURES xv 
LIST OF ABBREVIATIONS xx 
 
CHAPTER 

 
        1 INTRODUCTION 1 

1.1 Background and motivation 1 
1.2 Problem statement 2 
1.3 Research objectives 3 
1.4 Scope and limitation of the research 3 
1.5 Research outline 4 

 
         2 LITERATURE REVIEW 5 

2.1 Introduction 5 

2.2 Classification of vehicle suspension system 5 
2.2.1 Passive suspension system 6 

2.2.2 Active suspension system 6 
2.2.3 Semi-active suspension system 6 

2.3 Types of vehicle suspension models 7 

2.3.1 Full vehicle model 8 
2.3.2 Half vehicle model 8 
2.3.3 Quarter vehicle model 9 

2.4 Semi-active suspension system using MR 
damper 10 

2.4.1 MR damper types 10 
2.4.2 MR fluid damper mathematical modeling 11 
2.4.3 Bingham mathematical model 12 
2.4.4 Bouc-Wen Mathematical model 13 

2.5 Controller approach for semi-active suspension 
system  13 
2.5.1 Fuzzy-PID control 14 

2.5.2 Design and control of Fuzzy Logic 16 

2.5.3 Design of Fuzzy Control Rules 17 

2.5.4 Conventional PID controllers 17 

2.5.5 Fuzzy -PID 18 

2.5.6 AFC control 19 

2.5.7 Review of previous works on semi-active 
suspension 20 

2.6 Road Profile 21 



© C
OPYRIG

HT U
PM

 

xi 

 

2.7 Evolutionary algorithm optimization strategies 22 

2.7.1 Differential Evolution (DE) 23 

2.7.2 Classic Differential Evolution (DE) 24 

2.7.3 Current mutation strategies 27 

2.7.4 Reviews on modification of evolutionary 
algorithm 28 

2.8 Summary 31 
 
         3 METHODOLOGY 32 

3.1 Introduction 32 
3.2 Modify the mutation scheme of the classic 

Differential Evolution (DE) algorithm 34 
3.2.1 The modified DE algorithm 34 

3.2.2 Evaluating the modified DE 37 

3.3 Develop a robust intelligent controller for an MR 
damper model through a simulation study using 
a Fuzzy-PID controller optimized by DE 
optimization method (Fuzzy-DE-PID) injected by 
AFC 40 

3.3.1 Design of the Fuzzy-PID controller 40 

3.3.2 Fuzzy-DE-PID controller 42 

3.3.3 Simulation of the proposed Fuzzy-DE-PID 
controller 43 

3.3.4 Simulation of the AFC-Fuzzy-DE-PID 
controller 45 

3.3.5 MATLAB simulation of the proposed 
controller 45 

3.3.6 Road disturbance sittings 46 

3.4 Evaluate the performance of the robust 
intelligent controller on the semi-active 
suspension system via an experimental test 48 
3.4.1 Suspension test rig design 48 

3.4.2 CAD design 48 

3.4.3 Experimental setup 50 

3.4.4 LabVIEW code of the Fuzzy-DE-PID 
controller 54 

3.4.5 Experimental of AFC-Fuzzy-PID control 
scheme tuned using the modified DE 
algorithm 55 

3.4.6 LabVIEW code of the AFC-Fuzzy-DE-PID 
controller 56 

3.5 Verify that by using the developed controller the 
suspension system statistically is in comfort level
 57 

3.5.1 Duration of the test consideration 57 

3.5.2 Statistics for comfort evaluation 57 

3.6 Summary 58 
 
          4 RESULTS AND DISCUSSION 61 

4.1 Introduction 59 



© C
OPYRIG

HT U
PM

 

xii 

 

4.2 Results of modifying the mutation scheme of the 
classic Differential Evolution (DE) algorithm 59 

4.2.1 Results of testing the modified DE with 
BeSD and the classic DE algorithms 59 

4.2.2 Results of testing the modified DE with 
other common Single objective 
optimization algorithms 72 

4.3 Results of testing the developed robust 
intelligent controller for an MR damper model 
through a simulation study using a Fuzzy-PID 
controller optimized by DE optimization method 
(Fuzzy-DE-PID) injected by AFC 73 
4.3.1 Simulation results of the proposed Fuzzy-

DE-PID control 73 
4.3.2 Simulation of the AFC-Fuzzy-PID Control 

Scheme 78 

4.4 Results of the performance evaluation of the 
robust intelligent controller on the semi-active 
suspension system via an experimental test 80 
4.4.1 Experimental of Fuzzy-DE-PID Control 

Scheme 80 

4.4.2 Experimental of AFC-Fuzzy-PID control 
scheme tuned using evolutionary 
algorithm 83 

4.5 Results of the verification that by using the 
developed controller on the suspension system 
statistically is in comfort level 87 
4.5.1 Verification of the suspension system 

comfort level for the simulation tests 87 
4.5.2 Verification of the suspension system 

comfort level for the experimental tests 89 
4.6 Summary 91 

 
          5 CONCLUSION AND RECOMMENDATIONS 93 

5.1   Conclusion 92 

5.2   Research contributions 92 
5.3   Recommendations for Future Works 93 
 

REFERENCES 94 
APPENDICES 112 
APPENDIX A 112 
APPENDIX B 112 
APPENDIX C 112 
APPENDIX D 112 
APPENDIX E 112 
BIODATA OF STUDENT 146 
LIST OF PUBLICATION 147 
 
 



© C
OPYRIG

HT U
PM

 

xiii 

 

LIST OF TABLES 

Table      Page 

  2.1     Example of Fuzzy control rules 17 

  2.2     Summary of studies related to modifying DE mutation strategy 30 

  3.1     Settings of the18’s CEC’14 mathematical minimization problems 38 

  3.2     Settings of the 36 mathematical minimization problems 39 

  3.3     Rule based of the Fuzzy algorithm 41 

  3.4     Parameters of the Suspension System. 45 

  3.5     Parameters of the MR damper 45 

  3.6    Parameters of the Test rig 52 

  3.7     Lord MR damper typical properties 53 

  3.8     ISO 2631-1:1997 standards for comfort level according to the 

RMS value 58 

 

  4.1     results of solving the 18 mathematical problems using the 
proposed modified DE, Classic DE, and BeSD algorithms 71 

 

  4.2     Percentage of the proposed DE algorithm improvement over 
the classic and the Bezier DE algorithms 72 

 

  4.3     Results of testing the Modified DE with other single objectives 
optimization algorithms in solving 36 different mathematical 
problems 73 

 

  4.4     RMS of the vehicle’s body acceleration after applying the Fuzzy-
DE-PID in sinusoidal and random road profiles 87 

 

  4.5     Improvement percentage of ride comfort after applying the 
Fuzzy-DE-PID in sinusoidal and random road disturbance 88 

 

  4.6     RMS of the vehicle’s body acceleration after applying the AFC-
Fuzzy-DE-PID in sinusoidal and random road profiles 88 

 

  4.7     Improvement percentage of ride comfort after applying the AFC-
Fuzzy-DE-PID in sinusoidal and random road disturbance 89 

 

  4.8     RMS of the vehicle’s body acceleration after applying the AFC-
Fuzzy-DE-PID in sinusoidal road profiles 90 



© C
OPYRIG

HT U
PM

 

xiv 

 

 

  4.9     RMS of the vehicle’s body acceleration after applying the AFC-
Fuzzy-DE-PID in random road profiles  90 

 

  4.10     Improvement percentage of ride comfort after applying the 
AFC-Fuzzy-DE-PID in sinusoidal and random road disturbance 90 

 

 
   



© C
OPYRIG

HT U
PM

 

xv 

 

LIST OF FIGURES 

Figure               Page 

  1.1      In the Fuzzy-PID controller the Fuzzy used to tune the PID 
parameters automatically   2 

 
  2.1      Classification of vehicle suspension systems 5 

 

  2.2      Models of suspensions are classified into three types: quarter 
car , half car and full car models (R. Zhang et al., 2020) 7 

 

  2.3       Full suspension model with 7 DOF 8 

 

  2.4      Half suspension model   9 

 

  2.5      Quarter Car model 10 

 

  2.6      Types of MR dampers  (a) Mono-tube MR damper, (b) Twin-
tube MR damper, and (c) Double-ended MR damper 11 

 

  2.7      Bingham model 12 

 

  2.8      Bouc-wen model 13 

 

  2.9      Control structure of PID controller 14 

 

  2.10    Fuzzy Logic depends on knowledge base to build an effective 
fuzzy model. 15 

 
  2.11    Conventional PID block diagram 18 
 
  2.12    Block diagram of the standard Fuzzy logic controller using MR 

damper 18 
 
  2.13     AFC Scheme loop 19 
 
  2.14     Generation of mutation vector in classic DE algorithm 24 
 
  2.15     Flow chart of the Differential evolution’s steps. 25 
 
  2.16     In the Classic DE, the mutant vector is a result of adding the 

difference of two randomly selected individuals to a third one 26 
 
  2.17     DE strategy to find the direction (vector) for the next optimum 

value  27 
 
  2.18     DE strategies rely on randomly selected vectors, one of them 

is base added to the difference of two others 28 
 



© C
OPYRIG

HT U
PM

 

xvi 

 

  3.1    Methodology flow chart of the study. 33 
  3.2    The modified DE flow chart. 35 
 
  3.3     Generation of mutation vector in the modified DE algorithm. 36 
 
  3.4     Input and the output configuration of the Fuzzy logic system 40 
 
  3.5     Membership settings of the inputs 41 
 
  3.6     Membership settings of the outputs  41 
 
  3.7   Offline optimized Fuzzy-PID optimized Fuzzy-PID controller 

modeling. 42 
 
  3.8     Developed Fuzzy-DE-PID modeling. 42 
 
  3.9     The Modified DE online optimization method 43 
 
  3.10   The MATLAB simulation model consists of Proposed Fuzzy-

DE-PID, Fuzzy-PID, and Passive Suspension systems. 43 
 
  3.11    Suspension System Modeling. 44 
 
  3.12    MR Damper simulation modeling. 44 
 
  3.13    It shows the block diagram of the proposed Online Fuzzy-DE-

PID 44 
 
  3.14   The MATLAB simulation model consists of Proposed Fuzzy-

DE-PID, Fuzzy-PID, and Passive Suspension systems. 46 
 
  3.15  Sinusoidal excitation road profile 47 
 
  3.16   Random excitation road profile. 48 
 
  3.17   Body and shaker CAD drawing 49 
 
  3.18   Shaker CAD drawing 50 
 
  3.19   Experimental test rig components 51 
 
  3.20   Experimental Setup of the Proposed controller with Q-car test 

rig 52 
 
  3.21   MR damper 53 
 
  3.22   LabVIEW code containing: a) Main GUI Screen, b) Main loop, 

c) Control loop, d) Disturbance loop. 55 
 
  3.23   LabVIEW code of the AFC-Fuzzy-DE-PID controller 56 



© C
OPYRIG

HT U
PM

 

xvii 

 

  4.1     Mean of the results for the three algorithms using the Absolute 
problem. 60 

 
  4.2    Mean of the results for the three algorithms using the Schwefel 

12 problem 61 
 
  4.3     Mean of the results for the three algorithms using the Solomon.

 61 
 
  4.4     Mean of the results for the three algorithms using the Sphere2 

problem. 62 
 
  4.5    Mean of the results for the three algorithms using the Dixon Price 

problem. 63 
 
  4.6     Mean of the results for the three algorithms using the 

Schwefel22. 63 
 
  4.7    Mean of the results for the three algorithms using the Sum 

Squares problem. 64 
 
  4.8    Mean of the results for the three algorithms using the 

Weierstrass problem 64 
 
  4.9    Mean of the results for the three algorithms using the Panalized 

problem. 65 
 
  4.10   Mean of the results for the three algorithms using the 

Panalized2 problem. 65 
 
  4.11   Mean of the results for the three algorithms using the Ackley 

problem. 66 
 
  4.12   Mean of the three algorithms using the Fletcher problem results.

 67 
 
  4.13   Mean of the results for the three algorithms using the Foxholes 

problem 67 
 
  4.14  Mean of the results for the three algorithms using the Griewank 

problem 68 
 
  4.15   Mean of the results for the three algorithms using the Whitley 

problem 68 
 
  4.16   Mean of the results for the three algorithms using the Perm 

problem. 69 
 
  4.17   Mean of the results for the three algorithms using the Quartic 

problem. 70 
 



© C
OPYRIG

HT U
PM

 

xviii 

 

  4.18   Mean of the results for the three algorithms using the Rastrigin 
problem 70 

 

  4.19   Time response of the suspension travel for the Fuzzy-DE-PID, 
Fuzzy-PID, and the passive system using sinusoidal 
disturbance at: (a) 4 cm, (b) 8 cm, and (c) 12 cm. 75 

 
  4.20   Frequency response of the suspension travel for the Fuzzy-DE-

PID, Fuzzy-PID, and the passive system using sinusoidal 
disturbance at  (a) 4 cm, (b) 8 cm , and (c) 12 cm. 76 

 
  4.21 Time response of suspension travel for the Fuzzy-DE-PID, 

Fuzzy-PID, and the passive system using random excitation 
road profile. 77 

 
  4.22   Frequency response of suspension travel for the Fuzzy-DE-

PID, Fuzzy-PID, and the passive system using random 
excitation road profile. 77 

 
  4.23 Power Spectral Density (PSD) Frequency response of 

suspension travel for the Fuzzy-DE-PID, Fuzzy-PID, and the 
passive system using random excitation road profile. 78 

 
  4.24  (a) Time domain results at sinusoidal road profile, (b) Zoom to 

clarify the improvement that occurred after applying AFC. 79 
 
  4.25 Frequency domain results at sinusoidal road profile after 

applying the AFC controller 80 
 
  4.26 Time domain results for the sinusoidal test clarify the 

improvement after using Fuzzy-DE-PID controller 81 
 
  4.27 Frequency domain results for sinusoidal test clarify the 

improvement after using Fuzzy-DE-PID controller 82 
 
  4.28  Time domain results for random test clarify the improvement 

after using Fuzzy-DE-PID controller 83 
 
  4.29 Frequency domain results for random test clarify the 

improvement after using Fuzzy-DE-PID controller 83 
 
  4.30   Time domain results for sinusoidal test clarify the improvement 

after using AFC controller 84 
 
  4.31 Frequency domain results for sinusoidal test clarify the 

improvement after using AFC controller 85 
 
  4.32    Time domain results for random test clarify the improvement 

after using AFC controller 86 
 



© C
OPYRIG

HT U
PM

 

xix 

 

  4.33    Frequency domain results for random test clarify the 
improvement after using AFC controller 86 

   
  



© C
OPYRIG

HT U
PM

 

xx 

 

LIST OF ABBREVIATIONS 

 
2DOF 2 Degree of Freedom 

AFC Active Force Control 

AI Artificial Intelligence 

B Big 

BESD Bezier Search Differential Evolution Algorithm 

CEC Conference on Evolutionary Computation  

DE Differential Evaluation 

DMPSADE Discrete mutation control parameters self-adaptive DE 

algorithm 

EA Evolutionary Algorithms 

EM Estimated Mass  

EPSDE Ensemble of parameters self-adaptive DE algorithm 

FIS Fuzzy Inference System 

FLC Fuzzy Logic Controller 

GA Genetic Algorithm 

GAUSSMF Gaussian Membership Functions 

ICEC International Conference on Evolutionary Computation  

IPP Integer Programming Problems 

ISO International Organization for Standardization 

Kdf Derivative factor  

Kif Integral factor 

Kpf Proportional factor 

L Low 

LPP Linear Programming Problems 



© C
OPYRIG

HT U
PM

 

xxi 

 

M Meddle 

MF Membership Function 

MR Magnetorheological 

NB Negative Big 

NM Negative Medium 

NP Number of the Population 

NS Negative Small 

RMS Root Mean Square 

PID Proportional, Integral and Derivative 

PB Positive Big 

PM Positive Medium 

PN Pseudo-Noise 

PRBS Pseudo Random Binary Sequence 

PS Positive Small 

PSD Power Spectral Density  

PSO Particular Swarm Optimization 

QPP Quadratic Programming Problems 

SaDE Self- adaptive Differential Evolution algorithm  

TRIMF Triangular Membership Functions 

TRAPMF Trapezoidal Membership Functions 

USA United State of America 

ZE Zero 



© C
OPYRIG

HT U
PM

CHAPTER 1 
 

INTRODUCTION 
 

 
1.1 Background and motivation 

 
A vehicle's suspension system also plays a role in supporting the weight of the 
vehicle and improving ride comfort and smoothness in unstable road conditions 
(Jamil, Zafar, & Gilani 2018; Tandel et al. 2014) . Suspension systems serve to 
isolate the car body from road bumps by reducing the forces transferred between 
the car body and the road (Soliman & Kaldas 2021; Jiregna & Sirata 2020). Since 
the 1980s, extensive research has been proposed to upgrade suspension 
systems from passive to active and finally to semi-active his suspension 
systems.. 
 
 
In passive suspension systems, only robust mechanical components cannot be 
adjusted for different rough road conditions. Active suspension systems have 
actuators, such as hydraulic actuators, that make them more flexible in rough 
road conditions. 
 
 
Semi-active suspension systems are currently the biggest concern over active 
suspension systems. This is due to the use of lightweight, energy-saving and 
intelligent actuators that can be tuned and controlled by modern control 
algorithms such as fuzzy and PID algorithms. Magnetorheological fluids (MR 
dampers) widely used in many engineering applications. However, it is 
hysteresis behavior that has led researchers to widely propose various control 
strategies to overcome nonlinearities(Genc, 2022; Lopez-Lopez et al., 2022; 
Tandel et al., 2014). The MR Damper fluid is composed of microscopic magnetic 
particles dispersed in a liquid capable of changing their rheological properties if 
exposed to a magnetic field (Genc, 2022) . The dispersed particles magnetized 
and changed the fluid liquid state into a viscoelastic solid-state (Lopez-Lopez et 
al., 2022), and once the magnetic field was removed, the fluid returned to its 
liquid state. Remarkably, by changing the current of the damper, the strength of 
the magnetic field applied to the MR damper fluid can be adjusted to produce 
the required damping effect (P. S. Liu & Chen, 2014). Because of these smart 
properties of the MR damper fluid, it is effectively studied in many suspension 
system researches (Soliman & Kaldas, 2021; (Jiregna & Sirata, 2020). 
 
 
The motivation to do this research was to develop a new DE algorithm scheme 
to build a robust vehicle semi-active suspension system that can overcome the 
limitation of systems occupied by Fuzzy-PID controllers. 
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1.2 Problem statement   

 
A fuzzy PID controller is one of the most effective controllers used to control MR 
dampers for suspension isolation (Rashid et al., 2007). This controller uses a 
fuzzy logic algorithm to tune the PID controller parameters (Kazemian 2007; 
Somwanshi et al. 2019; Borase et al. 2021). However, the strategy of the fuzzy 
logic algorithm consists of input parameters derived from the fuzzy inference 
system 'FIS'. Optimal starting value (Y. Zhao & Wang, 2019). FIS includes 
membership rules and membership functions that require prior expertise to 
design an effective FIS strategy (Talpur et al. 2022; Khairuddin et al. 2021).  
 
 
The motivation for this study that fuzzy PID controllers are regarded as one of 
the real-time (or online) optimization techniques (Borase et al. 2021; 
Hosseinpour and Martynenko 2020; Liu et al. 2021). However, it has the 
disadvantage that it is a rule base that is usually created in offline mode. Apart 
from knowledge base requirements, there is no systematic framework or set of 
rules for building inference systems, making it difficult to react to real-time 
uncertainties by making instant changes (Angelov, 2004), and this make it not 
smart enough to cope with instant unexpected disturbances (Somefun et al., 
2021) as seen in Figure 1.1. Therefore, adding real-time or online optimization 
to the fuzzy PID controller will improve the output of fuzzy logic and the automatic 
adjustment of his PID in response to various uncertain road profile disturbances. 
DE optimization algorithm used here in this research because of it is simplicity 
and it is fast results in compare to other optimization methods. However, another 
issue with using the DE in the Fuzzy-PID controller, which it has the problem of 
iteration requirements which make it difficult to optimize the Fuzzy-PID instantly. 
Also the classic DE mutation strategies rely on randomness which lead to time 
consuming so DE must be modified to have less iteration times to cope with the 
fast decision requirements of the online applications.  
 
  

  
Figure 1.1: In the Fuzzy-PID controller the Fuzzy used to tune the PID 
parameters automatically  (Wahid & Hassan, 2012). 
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1.3  Research objectives   

 
The main objective of this project is to develop the Fuzzy-PID controller using 
modified DE with AFC to increase the robustness of the suspension system by 
fulfilling these points:  

 
1. To modify the mutation scheme of the classic Differential Evolution (DE) 

algorithm in order to increase the optimization process for the online 
application of this study. 
 

2. To develop a robust intelligent controller for an MR damper model 
through a simulation study using a Fuzzy-PID controller optimized by DE 
optimization method (Fuzzy-DE-PID) injected by AFC. 

 
3. To evaluate the performance of the robust intelligent controller on the 

semi-active suspension system via an experimental test. 
 

4. To verify that the suspension system statistically is in comfort level by 
using the developed controller according to ISO 2631-1:1997 standards. 

 
 
1.4  Scope and limitation of the research 

 
 The research mainly focuses on controlling semi-active quarter car 

suspension system to provide an efficient and robust control system 
using online DE and AFC.  

 The study is limited to a quarter car suspension system with 200 kg 
representing a lightweight vehicle.  

 The controller of the study is AFC-Fuzzy-DE-PID and aims to improve 
its performance of classical Fuzzy-PID to solve its knowledge base 
limitation.  

 The study aims to reduce the unwanted vertical body vibration generated 
by sinusoidal and random road profiles.  

 The actuator used in this study is the Magnetorheological Fluid Damper 
(MR Damper). 

 The simulation study uses MATLAB/Simulink software. 
 An experimental is fully designed and developed based on a 

mechatronic approach.  
 A software-based system (LabVIEW, data acquisition system, Electronic 

chips) will be applied to the test rig in-the-loop system to control the MR 
Damper. 

 The road disturbance (shaker of the system) is a two-way pneumatic air 
cylinder controlled by a 12 V electronic solenoid valve. 
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1.5   Research outline 

 
This thesis consists of five chapters. Chapter 1 is the introduction chapter. This 
chapter presents the research background, statement of the problem, objectives 
and scopes of the study, research contributions, methodology of research, and 
the overall outline of this thesis. 
 
 
Chapter 2 presents the literature review on related subjects concerning this 
thesis. In this chapter, the classification of vehicle suspension systems, the 
selection of damper types, and a review of published articles related to semi-
active suspension control strategies are described.   
 
 
Chapter 3 presents the developed systems methodology, modeling, testing, and 
validation. First, it introduces the modification methodology to the DE algorithm, 
then the simulation of the developed controller after adding the modified DE. 
Then, the experimental test rig of the quarter car is presented in order to validate 
the simulation results. This chapter also presented the development of a force 
tracking control system by using AFC controller.   
 
 
Chapter 4 presents the simulation analysis of the developed control. the 
simulation model evaluation of the developed controller is carried out using a 
quarter with a passive system.   
 
 
Finally, Chapter 5 is the concluding chapter. This chapter summarizes the work 
done in the entyre study. The recommendations for future research works are 
also outlined.    
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