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ABSTRAK

Elemen penting dalam sesebuah kenderaan ialah sistem suspensi atau lebih dikenali
sebagai suspensi. Fungsi utama sistem suspensi adalah untuk mengawal struktur
kenderaan ketika berlakunya sebarang gegu atau getaran disebabkan oleh struktur
permukaan jalan yang tidak rata. Terdapat dua objektif utama yang ingin dicapai iaitu
untuk mendapatkan perjalanan yang selesa serta mengendalikan kenderaan dengan baik.
Pemanduaan yang selesa lazimnya berkadar songsang dengan kadar pecutan sesebuah
kenderaan manakala pengendalian kenderaan pula berkait diantara kerangka sesebuah
kenderaan dan tayar yang digunakan. Tesis ini adalah cuba untuk merealisasikan daya
redaman di dalam tiub berkembar dan tiub tunggal memgunakan model matematik.
Model-model ini menunjukkan corak yang sama, manakala kekuatan yang berlainan
direkodkan, kerana tekanan dalam ruang pemampatan meningkat semasa pemulihan
dalam peredam tiub berkembar dan dalam peredam tiub tunggal kebuk gas sentiasa
bersambung ke kebuk mampatan. Ujian kejutan dyno dilaksanakan untuk menentusahkan
model tiub berkembar melalui data percubaan. Satu bentuk prototaip berkeupayaan untuk
menyerap separu aktif kejutan melalui laras elektronik dari tiub berkembar dibangunkan,
ini dicapai dengan melampirkan motor stepper bagi setiap penyerap kejutan yang
membantu dalam menyesuaikan orifis berdarah ke posisi tertentu yang menggantikan
aliran minyak hidraulik dalam penyerap kejutan antara ruang omboh semasa proses
pemampatan dan pengembanyan. Seterusnya dalam usaha untuk menilai kesan
penyerapan kejutan separu aktif terhadap pergerakan kenderaan yang dinamik maka
beberapa ujian telah dilaksanakan terhadap beberapa jenis jalan seperti jalan yang
bergelombang, jalan yang lurus dan di kawasan-kawasan bulatan jalan. Ujian ini
digunakan untuk menilai kadar pecutan dan kualiti sesebuah kenderaan ketika melakukan
perjalanan. Hasil tindak balas dari ujian ini satu nilai julat besar diperolehi, orifis berdarah
menunjukkan pencapaian 35% diantara kadar kaku dan lembut penyerapan kejutan
ini.Nilai asal untuk pecutan persegi (RMS) dikira dan dibandingkan dengan nilai piawa
tubuh badan manusia terhadap getaran dan didapati terdapat perbezaan sebanyak 6%.
Hasiln ini menunjukkan bahawa kesan penyerapan kejutan terkawal secara elektronik
terhadap pergerakan yang dinamik sesebuah kenderaan. Kelebihan penyerapan secara
elektronik ialah mampu meningkatkan prestasi keselesaan sesebuah perjalanan dan
mengurangkan ketidakselesaan akibat daripada getaran yang tidak diinginkan. Untuk
menilai daya yang dihasilkan oleh model pelarut monotube separu aktif pada tingkah laku
dinamik kenderaan, model dianalisis dan dibandingkan dengan strategi kawalan langit-
pasif dan aktif pada kereta suku yang menggunakan dua jenis jalan (pengujaan rawak,
bergelombang). Gerakan heteresis dengan set diameter orifis yang berbeza dihasilkan.
Pendekatan reka bentuk pengawal PID telah diperiksa dengan CVD untuk menilai
prestasi peredam separu aktif, di mana kombinasi menunjukkan pengurangan dalam
kedua-dua pecutan badan dan anjakan menegak yang berbeza dengan pasif dan On / Off
hook-hook 73.4% dan 53.8% masing-masing dan juga menjual masa sebanyak 79% dan
59% untuk jalan bergelora. Ini menganggap peningkatan ke arah keselesaan perjalanan
dan kestabilan kenderaan.



ABSTRACT

The suspension of a car is considered as an essential element in the vehicle. The primary
function of the suspension system is to isolate the vehicle structure from shocks and
vibration due to the irregularities of the road surface. Two primary objectives need to be
satisfied which are ride comfort and road handling. Ride comfort is inversely proportional
to the absolute acceleration of the vehicle body, while the road handling is linked to the
relative displacement between the vehicle body and the tires. The thesis attempted to
realize the damping force in twin and monotube by developing a mathematical model.
The models show similar trends, while different forces are recorded, due to the pressure
in the compression chamber increases during rebound in twin tube damper and a
monotube damper the gas chamber is always connected to the compression chamber.
Shock dyno testing is carried out to validate the model of twin tube with experiment data.
A prototype of electronically adjustable semi-active shock absorber from available twin
tube is developed, this achieved by attaching stepper motor for each shock absorber which
helps in adjusting the bleed orifice to a particular position that alternates the hydraulic oil
flow in the shock absorber between piston’s chamber during the process of compression
and rebound. To evaluate the effect of the developed semi-active shock absorber on the
dynamic behavior of the vehicle, several tests were carried out on different types of road
condition (bumpy, straight-line and roundabout). These tests were used to evaluate the
acceleration and ride quality. There is a great range in response when the bleed orifice is
opened reached up to 35% between the stiff and soft setting. The value of root means
square acceleration (RMS) was calculated and compared with the standard of human
exposure to whole-body vibration, which shows an error of 6% slightly. The result shows
the effect of the electronically controllable shock absorber on a vehicle’s dynamic
behavior. The advantage of electronics to improve the performance of ride comfort and
reduced the harms due to undesired vibration. To evaluate force generated by the
developed model of the semi-active monotube damper on the dynamic behaviour of the
vehicle, the model was analyzed and compared with the passive and On/Off sky-hook
control strategy in the quarter car using two different types of road (random excitation,
bumpy) as input to the quarter car model. Force hysteresis loop with different sets of
orifice diameter was generated. PID controller design approach has been examined with
CVD to evaluate semi active damper performance, where the combination shows a
reduction in both body acceleration and vertical displacement contrasting with passive
and On/Off sky-hook 73.4% and 53.8% respectively and also the selling time by 79% and
59% for a bumpy road. This considered an improvement toward the ride comfort and
vehicle stability.



TABLE OF CONTENT

DECLARATION

TITLE PAGE

ACKNOWLEDGEMENTS i
ABSTRAK ii
ABSTRACT iv
TABLE OF CONTENT v
LIST OF TABLES iX
LIST OF FIGURES X
LIST OF SYMBOLS xiii
LIST OF ABBREVIATIONS XVi
CHAPTER 1 INTRODUCTION 1
1.1  Introduction 1
1.2 Problem Statement 2
1.3 Hypothesis 3
1.4 Amis and Objectives 3
1.5  Research Scope 4
1.6 Thesis Layout 5
CHAPTER 2 LITERATURE REVIEW 6
2.1  Introduction 6
2.2 Suspension Classification 7

2.2.1 Passive Suspension System 7



2.3

2.4

2.5

2.6

2.7

2.8

2.2.2

2.2.3

Semi-Active Suspension

Active Suspension System

Damper in Suspension System

Modelling and Damper Characteristic

Types of Semi-Active Dampers

2.5.1

2.5.2

2.5.3

2.54

Hydraulic Damper / Continuously Variable Damping (CVD)
Position Controlled Valves
Magneto-Rheological Fluid Damper

Electro-Rheological Fluid Damper

Bypass valve and Control Strategies of Semi-Active Damper

2.6.1

2.6.2

2.6.3

2.6.4

2.6.5

2.6.6

Skyhook Two State (On/Off)

Proportional-Integral-Derivative (PID) Controller

Continuous Skyhook Control

Acceleration Driven Damper Control (ADD)

Mixed Skyhook-Acceleration Driven Damper Control (SH-ADD)

Mixed Skyhook-Acceleration Driven Damper Control with 1

Sensor

Ride Comfort Analysis

Summary

CHAPTER 3 METHODOLOGY

3.1

3.2

3.3

3.4

Introduction

Overall Research Flow Chart

Measurements of Shock Absorber

Damper Components Modelling

34.1

3.4.2

Twin Tube Hydraulic Damper Model

Fluid Flow Passages Modelling

Vi

11

12

15

16

16

18

19

20

22

22

23

24

25

25

26

27

28

28

28

29

31

32

32



3.4.3

34.4

345

3.4.6

3.4.7

Fluid Flow in Rebound

Fluid Flow in Compression

Gas/ Reservoir Chamber Modelling
Shim Stack Deflection

Damper Force Modelling

3.5 Experiment Setup of Twin Tube Damper

3.5.1

3.5.2

3.5.3

354

355

3.5.6

3.5.7

3.5.8

3.5.9

Shock Dynamometer Testing for Twin Tube Damper
Terminology of Clicks

Semi-Active Damper Prototype of Twin Tube Damper
Road Testing for Twin Tube Damper

Vehicle Parameters

Data Acquisition Interface

Testing Procedure for Twin Tube Damper

Straight Road Testing

Roundabout Testing

3.5.10 Evaluation of Ride Comfort with RMS Accelerations

3.6 Modelling of Mono-Tube Damper

3.6.1

3.6.2

3.6.3

3.6.4

Floating Piston Modelling
Modelling of Quarter Car Suspension
PID Tuning

Road Profile Generation

3.7 Summary

CHAPTER 4 RESULTS AND DISCUSSION

41 Introduction

411

Result for Twin Tube Modelling and Experimental Validation

vii

34

36

36

37

38

40

40

41

43

45

45

47

48

48

49

49

50

52

53

56

56

57

59

59

59



4.2

4.3

4.4

4.5

4.1.2 Bleed Orifice Openings

4.1.3 Shim Stack

Road Testing of Twin Tube damper

4.2.1 Acceleration Analysis

4.2.2 Car Body Analysis

4.2.3 Ride Quality Evaluation

Twin Tube and Monotube Damper Comparison
Car Simulation with Monotube Damper Model

Summary

CHAPTER 5 CONCLUSION

51 Introduction

5.2  Conclusion

5.3  Future Work and Recommendations
REFERENCES

APPENDIX A CAR SPECIFICATIONS

APPENDIX B Ride Route/Test Track

APPENDIX B PUBLICATIONS

APPENDIX D LIST OF PUBLICATION

viii

59

68

69

69

72

74

74

76

81

82

82

82

83

85

94

96

98

100



Table 3.1
Table 3.2

Table 3.3
Table 3.4
Table 3.5
Table 3.6

Table 4.1

Table 4.2
Table 4.3

LIST OF TABLES

Shim configuration and bleed orifice adjustments.

Comfort levels related to afw threshold values as proposed by
ISO 2631 for public transport.

Shock absorber parts description.
Properties of quarter car model.
PID obtained by trial and error method.

Presents Gad(n0)values as defined by the 1SO 8608 for each
pavement category.

Measured values of RMS acceleration on the various types of
roads at different damping adjustment.

Performance evaluation of settling time.
Performance evaluation of peak overshoot.

42

50
52
55
56

57

74
80
81



Figure 1.1
Figure 2.1

Figure 2.2

Figure 2.3
Figure 2.4
Figure 2.5
Figure 2.6
Figure 2.7
Figure 2.8

Figure 2.9

Figure 2.10

Figure 2.11
Figure 2.12
Figure 2.13

Figure 3.1
Figure 3.2

Figure 3.3
Figure 3.4
Figure 3.5
Figure 3.6
Figure 3.7
Figure 3.8
Figure 3.9
Figure 3.10

Figure 3.11

LIST OF FIGURES

Parts of a typical vehicle suspension system.

Quarter-car suspension systems: (a) Passive Suspension System,
(b) Semi-Active Suspension (c) Active Suspension System.

(@) Conflict in ride and handling (b) Strategy for the betterment of
ride comfort.

List of electronically controlled suspension systems.
Active suspension system schematic diagram

Types of damper (a) Mono-tube (b) Twin-tube.
Automotive damper curve.

CVD damper with the external proportionating valve.

(a) Configuration of position-controlled valves with servo motor
(b) Solenoid valve actuated configuration.

Scanning electron microscope images of iron particles suspended
in a non-magnetic matrix in its free state (left), and with a magnetic
field applied (right).

MR fluid working modes (a) Flow mode, (b) Shear mode and (c)
Squeeze mode

Configuration of MR fluid based semi-active damper.
Schematic configuration of the ER damper.

Semi-active damper concepts (a) on—off damper; (b) continuously
variable damper (the shaded part in (b) represents the range of the
achievable damping coefficients).

Flowchart of research overview.

Disassemble parts of twin tube damper (a) Main parts (b) Piston
valve (c) Base valve (d) Bleed orifice components.

Design of controllable twin tube damper to be modelled.
Flow diagram of the piston valve.

Flow diagram of the base valve.

Half section view showing flow path and shim deflection.
Free body diagram of the piston assembly.

Summary of modelling execution

The shock absorber test stand used for experimental tests.

(a) Prototype of the controllable semi-active damper (b) Motor
mount and shaft (c) Stepper motor to be attached with the damper.

Outline of the controller of semi-active suspension used for
experimental tests.

10
12
15
17

17

18

19
19
20

21
29

30
32
33
33
38
39
40
41

44

46



Figure 3.12
Figure 3.13

Figure 3.14

Figure 3.15
Figure 3.16
Figure 3.17
Figure 3.18
Figure 4.1

Figure 4.2

Figure 4.3

Figure 4.4

Figure 4.5

Figure 4.6

Figure 4.7

Figure 4.8

Figure 4.9

Figure 4.10

Figure 4.11

Test car.

The overall schematic arrangement can be described by the block
diagram.

Motor installation on (a) Front right shock absorber and (b) Front
left shock absorber.

Total volumetric flow rate of the damper diagram for monotube.
Diagram of the controllable monotube hydraulic shock absorber.
Schematic diagram of floating piston modelling.

Diagram continuous variable semi-active damper concept.

Damping force at a different velocity between simulation and
experiment for twine tube, when bleeding orifice 0 click (hard)
and shim stack configuration (A).

Damping force at a different velocity between simulation and

experiment for twine tube, when bleeding orifice 8 clicks and shim

stack configuration (A).

Damping force at a different velocity between simulation and
experiment for twine tube, when bleeding orifice 16 clicks and
shim stack configuration (A).

Damping force at a different velocity between simulation and
experiment for twine tube, when bleeding orifice 24 clicks and
shim stack configuration (A).

Damping force comparison of different bleed orifice settings and
shim stack configuration (A) of experiment result for twine tube.

Damping force at a different velocity between simulation and
experiment for twine tube, when bleeding orifice 0 click and
shim stack configuration (B).

Damping force at a different velocity between simulation and
experiment for twine tube, when bleeding orifice 8 clicks and
shim stack configuration (B).

Damping force at a different velocity between simulation and
experiment for twine tube, when bleeding orifice 16 clicks and
shim stack configuration (B).

Damping force at a different velocity between simulation and
experiment for twine tube, when bleeding orifice 24 clicks and
shim stack configuration (B).

Damping force comparison of different bleed orifice settings and
shim stack configuration (B) of experiment result for twine tube.

Force at a different velocity between simulation and experiment
for twine tube, when bleeding orifice 0 click and shim stack
configuration (C).

Xi

46

47

48
51
51
53
55

60

61

61

62

62

63

63

64

64

65

65



Figure 4.12

Figure 4.13

Figure 4.14

Figure 4.15
Figure 4.16
Figure 4.17
Figure 4.19
Figure 4.20

Figure 4.21
Figure 4.22

Figure 4.23
Figure 4.24
Figure 4.25
Figure 4.26

Figure 4.27

Figure 4.28

Figure 4.29

Force at a different velocity between simulation and experiment for
twine tube, when bleeding orifice 8 clicks and shim stack
configuration (C).

Force at a different velocity between simulation and experiment for
twine tube, when bleeding orifice 16 clicks and shim stack
configuration (C).

Force at a different velocity between simulation and experiment for
twine tube, when bleeding orifice 24 clicks and shim stack
configuration (C).

Damping force comparison of different bleed orifice settings and
shim stack configuration (C) of experiment result for twine tube.

Force comparison of different shim stack configurations with the
closed bleed orifice.

Force comparison of different shim stack configurations with the
opened bleed orifice.

Lateral acceleration-time for different adjustments (a) Speed bump
(b) Straight road.

The rolling angle for different adjustments (a) Speed bump (b)
Straight.

(a) Rolling angle (b) Pitching angle.

Damping force comparison of different bleed orifice settings of
monotube model.

Damping force comparison of the characteristic of twin and
monotube with (O click) bleed orifice.

Damping force comparison of the characteristic of twin and
monotube with (16 clicks) bleed orifice.

Damping force comparison of the characteristic of twin and
monotube with (24 clicks) bleed orifice.

A segment of the road profile as input for quarter car model
(a) input excitation signal, (b) bumpy road input.

Sprung mass acceleration response of the semi-active damper
model: (a) with input excitation signal and (b) bumpy road as
input.

Vertical displacement response of the semi-active damper model:
(a) with input excitation signal and (b) bumpy road as input.

Suspension deflection of the semi-active damper model:
(a) with input excitation signal and (b) bumpy road as input.

xii

66

66

67

67

68

69

71

72
73

75

75

76

76

77

78

79

80



LIST OF SYMBOLS

a Acceleration, m/s?
Aryy Frequency-weighted acceleration, m/s?
A, Avrea of the bleed valve, m/s?
Agp The cross-section area of the floating piston, m/s?
Apy Avrea of the piston, m?
Afy Flow space through the base valve, m?
Arod Area of the piston rod, m?
A, Flow area through the piston valve, m?
Cnax Maximum damping coefficient
Cin Minimum damping coefficient
Cs Damper coefficient
Csq Semi-active damping coefficient
Csky Skyhook damping coefficient
Cq Discharge coefficient
D, The diameter of the piston, m
D, The diameter of the valve, m
E The bulk modulus of elasticity, Pa
F Damper shaft force, N
Faamper Damper force, N
Ff Friction force, N
Fsiy Skyhook force, N
h Length of leakage gap, m
K Spring constant, kg/s?
K; Tire spring coefficient, kg/s?
Kq Derivative parameter constant
K; Integral parameter constant
Kp Proportional parameter constant
mg Mass of the nitrogen gas, kg
M, Sprung mass, kg
M, Unsprung mass, kg
my Floating piston mass, kg
N Number of steps

Xiii



S S S < 3 -

o

> M o< g

S

Compression pressure, Pa

Gas pressure, Pa

Initial gas pressure, Pa

Piston valve pressure, Pa

Rebound pressure, Pa

Foot valve pressure, Pa

The flow rate of leakage, m?/s

Fluid flow in the compression chamber, m?/s

Fluid flows from the compression to rebound chamber
Fluid flows from the compression to reservoir chamber
Fluid flows from the rebound to compression chamber
Fluid flows from the reservoir to the compression chamber
The flow rate of the semi-active valve, m3/s

The flow rate of the piston valve, m3/s

The radius of a rotary pin, m

Ideal gas constant, J/(K.mol)

The radius of the bleed orifice, m

Exposure duration, s

The temperature of the gas, K

Car forward velocity, m/s

The volume of the compression chamber, m?

The volume of the gas chamber, m?

The initial volume of the gas chamber, m*

The volume of rebound chamber, m?

The direction of piston movement

Displacement of road excitation

Displacement of the sprung mass

Displacement of unsprung mass

Piston velocity, m/s

Stroke velocities of the front, m/s

Stroke velocities of the rear, m/s

Reference velocity, m/s

Stroke acceleration, m/s2
Deflection of shim stack, m

Change in pressure, Pa

Xiv



©

> =

The density of fluid, kg/m’
Viscosity, m?/s
Displacement angle, degree
Shaping filter

Half wavelength, Hz

White noise

XV



ADD
CAD
CAN
CES
CFD
CPU
CVD

ER

IMU

FSI

1SO
MEMS
MSDV
MR
NVH
LQG
LQR
RMS
SH-ADD
PID

LIST OF ABBREVIATIONS

Acceleration Driven Damper
Computer-Aided Design

Controller Area Network
Controlled Electronic Suspension
Computational Fluid Dynamics
Control Programming Unit
Continuously Variable Damping
Electrorheological

Inertial Measurement Unit
Fluid-Structure Interaction
International Standard Organization
Micro-Electro-Mechanical Systems
Motion Sickness Dose Value
Magnetorheological

Noise, Vibrations, and Harshness
Linear Quadratic Gaussian

Linear Quadratic Regulator

Root Mean Square

Mixed Skyhook-Acceleration Driven Damper

Proportional-Integral-Derivative

XVi



REFERENCES

Abd EI-Nasser, S. A., Ahmed S. A., Nouby M. G. aand Abd el- Jaber, G. T. 2015. PID
controller of active suspension system for a quarter car model. International Journal
of Advances in Engineering & Technology. 8(6):899-909.

Akamatsu, M., Green, P., and Bengler, K. 2013. Review article: Automotive technology
and human factors research: past, present, and future. International Journal of
Vehicular Technology. 2013:1-27. http://dx.doi.org/10.1155/2013/526180

Akutain, X. C., Vifolas, J., Savall, J. and Biera, J. 2006. A Parametric damper model
validated on a track. International Journal of Heavy Vehicle Systems. 13(3): 145-
162. https://doi.org/ 10.1504/1JHVS.2006.010015

Akutain, X. C., Vinolas, J., Savall, J., and Castro, M. 2007. Comparing the performance
and limitations of semi-active suspensions. International Journal of Vehicle Systems
Modelling and Testing. 2(3): 296-314.
https://doi.org/10.1504/1JVSMT.2007.016239

Alanoly, J. and Sankar, S. 1986. A new concept in semi-active vibration isolation. ASME
Design Engineering Technical Conference. t86-DET-28.

Alonso, M. and Comas, A. 2004. Modelling a twin tube cavitating shock absorber.
Proceedings of the Institution of Mechanical Engineers, Part D: Journal of
Automobile Engineering. 220: 1031-1040.
https://doi.org/10.1243/09544070D23104

Andrighetto, R and Marsilio, R. 2018. Dynamic and thermal model for hydraulic shock
absorbers. Master Thesis. Department of Mechanical and Aerospace Engineering,
University of Politecnico Di Torino, Turin, Italy.

Ata, W. G. and Salem, A. M. 2017. Semi-active control of tracked vehicle suspension
incorporating magnetorheological dampers. Vehicle System Dynamics. 55(5): 626-
647. https://doi.org/10.1080/00423114.2016.1273531

Barethiye, V., Pohit, G. and Mitra, A. 2017. A combined nonlinear and hysteresis model
of shock absorber for quarter car simulation on the basis of experimental data.
Engineering Science and Technology, an International Journal. 20(6): 1610-1622.
https://doi.org/10.1016/j.jestch.2017.12.003

Bell, D. and Beale, R. G. 2015. Numerical investigation of a mono-tube damper with a
shim stack. Journal of Mechanical Engineering Science. 231(9): 1762-1774.
https://doi.org/10.1177/0954406215622496

Bitman, L., Choi, Y. T. and Wereley, N. M. 2001. Electrorheological damper analysis
using an eyring constitutive relationship. Proceedings of the 8th International
Conference on Electrorheological Fluids and Magnetorheological Suspensions,
Nice France, pp. 77-83.

Brooks, D. A. 1997. High-performance electro-rheological dampers. Proceedings of the

85



6" International Conference on Electrorheological Fluids and Magneto-rheological
Suspensions of Their Applications, Yonezawa, Japan, pp. 689-696.

Brown, S. 2005. Vehicle suspension. US Patent Number 6945541.

Burke, W. C. T. 2010. Large force range mechanically adjustable dampers for heavy
vehicle applications. Master’s Thesis. Faculty of Virginia Polytechnic Institute and
State University. Blacksburg, Virginia, USA.

Cepowski, T. 2012. The prediction of the Motion Sickness Incidence index at the initial
design stage. Scientific Journals of the Maritime University of Szczecin. 31(103):
45-48.

Chaco'n, J.L., Boada, B. L., Boada, M. J. L., and D1"az, V. 2017. Experimental study and
analytical model of bleed valve orifice influence of a high-performance shock
absorber on vehicle dynamics. Advances in Mechanical Engineering. 9(9):1-15.
https://doi.org/10.1177/1687814017719004

Chahine, R. 2011. Modeling of a world rally championship car damper and experimental
testing of its components. Master’s Thesis. Vehicle Dynamics Division, Department
of Aeronautical and Vehicle Engineering, The Royal Institute of Technology.

Chandekar, B. and Lagdive, H. D. 2014. Design of electro-hydraulic active suspension
system for four-wheel vehicles. International Journal of Emerging Technology and
Advanced Engineering. 4(4): 885-889.

Conde, E. C., Carbajal, F. B., Gonzalez, A. V., and Bracamontes, R. C. 2011. Generalized
Pl control of active vehicle suspension systems with MATLAB. Applications of
MATLAB in Science and Engineering. 1: 335-352. https://doi.org/10.5772/23746

Czop, P., Gasiorek, D., Gnitka, J., Stawik, D., and Wszotek, D. 2012. Fluid-structure
simulation of a valve system used in hydraulic dampers. Modelling in Engineering.
45(14): 197-205.

Dixit, R. K. and Buckner, G. D. 2005. Sliding mode observation and control for semi-
active vehicle suspensions. Vehicle System Dynamics: International Journal of
Vehicle Mechanics and Mobility. 43(2): 83-105.
https://doi.org/10.1080/00423110412331290455

Dixon and John, C. 1999. The Shock Absorber Handbook. Warrendale, Pennsylvania.
ISBN 0-7680-0050-5.

Dutta, D. 2017. Semi-active suspension system of car model design: a comparative study.
Australian Journal of Mechanical Engineering. 48(46):1-10.
https://doi.org/10.1080/14484846.2017.1372029

Ebrahimi, B. 2009. Development of hybrid electromagnetic dampers for vehicle
suspension systems. Ph.D. Thesis. University of Waterloo. Ontario, Canada.

ElMadany, M.M. 1988. Design and optimization of truck suspensions using covariance
analysis.  Journal of Computers &  Structures. 28(2): 241-246.
https://doi.org/10.1016/0045-7949(88)90045-4

86



Eslaminasab, N. 2008. Development of a semi-active intelligent suspension system for
heavy vehicles. Ph.D. Thesis. University of Waterloo. Ontario, Canada.

Farjoud, A., Ahmadian, M., Craft, M. and Burke, W. 2012. Nonlinear modelling and
experimental characterization of hydraulic dampers: effects of shim stack and orifice
parameters on damper performance. Nonlinear Dynamics. 67(2): 1437-1456. https://
doi.org/10.1007/s11071-011-0079-2

Ferdek, U. and Luczko, J. 2012. Modeling and analysis of a twin-tube hydraulic shock
absorber. Journal of Theoretical and Applied Mechanics.50(2): 627-638.

Gallsjo, A. and Johansson, M. 2012. Physical modelling and automatic configuration of
CES valve. Master’s Thesis. Fluid and Mechatronic Systems, The Institute of
Technology, Linkdping University.

Ghasemalizadeh, O., Taheri, S., Singh, A., and Goryca, J. 2014. Semi-active suspension
control using modern methodology: A comprehensive comparison study. Ndia
Ground Vehicle Systems Engineering and Technology Symposium modeling &
simulation, testing and validation (MSTV) technical session. Novi, Michigan.

Gobbi, M. and Mastinu, G. 2001. Analytical description and optimization of the dynamic
behavior of passively suspended road vehicles. Journal of Sound and Vibration.
245(3): 457-481.

Gobbi, M., Francesco, L. and Ganpiero M. 2003. Multi-objective design of the suspension
system of road vehicles. Proceedings of the 18" International Symposium on
Dynamics of Vehicles on Roads and Tracks (IAVSD) symposium, Kanagawa, Japan,
pp. 537-546.

Goldasz, J. 2015. Theoretical study of a twin-tube magnetorheological damper concept.
Journal of Theoretical and Applied Mechanics. 53(4): 885-894. https://doi:
10.15632/jtam-pl.53.4.885

Goncalves, F. D. and Ahmadian, M. 2003. A hybrid control policy for semi-active vehicle
suspensions. Journal of Shock and Vibration. 10(1): 59-69.

Guzzomi, F. G., Neill, P. L. O., and Tavner, A. C. R. 2007. Investigation of damper valve
dynamics using parametric numerical methods. Proceedings of 16" Australasian
Fluid Mechanics Conference. Crown Plaza, Gold Coast, Australia, pp.1123-1130.

Harrison, M. 2004. Vehicle Refinement: Controlling Noise and Vibration in Road
Vehicles. Elsevier, Butterworth-Heinemann, Oxford, UK.

Hori, N., Sagami, Y., and Inoue, N. 2008. A study and development of semi-active control
method by magnetorheological fluid damper in base isolated structures. Proceeding
of the 14" World Conference on Earthquake Engineering, Beijing, China, Paper ID
05-06-004.

Hou, Y., Li, L., He, P., Zhang, Y., and Chen, L. 2011. Shock absorber modeling and

simulation based on Modelica. Proceedings of 8" Modelica Conference. Dresden,
Germany, pp 843- 846.

87



Hu, Y., Chen, M. Z. Q., and Sun, Y. 2017. Comfort-oriented vehicle suspension design
with skyhook inerter configuration. Journal of Sound and Vibration. 405: 34-47.
http://dx.doi.org/10.1016/j.jsv.2017.05.036

Hwang, S., Heo, S., Kim, H., Lee, K., and Kim, H. 2007. Vehicle dynamic analysis and
evaluation of continuously controlled semi-active suspensions using hardware-in-
the-loop simulation. Journal of Vehicle System Dynamics. 27(5-6): 423-434.
https://doi.org/10.1080/00423119708969340

ISO. 1997. Mechanical vibration and shock evaluation of human exposure to whole-
body vibration part 1: general requirements. 1SO 2631-1.

Jacimovic, N., Hosoda, T., Kishida, K., and Ivetic, M. 2005. Numerical solution of the
Navier-stokes equations for incompressible flow in porous media with free surface
boundary. Journal of Applied Mechanics, JSCE. 8: 225-231.

Jadhav, M., Belkar, S., and Kharde, R. 2012. Analysis of displacement sensitive twin tube
shock absorber. International Journal of Engineering Research and Development.
5(5): 31-41.

Jiang, B. 2017. The comparative analysis of car ride comfort with two different front
suspensions. International Conference on Mechanical Engineering and Control
Automation, Nanjing, Jiangsu, China, 21-23,2017, pp. 295-300.

Jolly, M.R., Bender, J.W., and Carlson, J. D. 1998. Properties and applications of
commercial magnetorheological fluids. Proceeding of the 5" Annual International
Symposium  on  Smart  Structures and  Materials.  10(1):  5-13.
https://doi.org/10.1177/1045389X9901000102

Judith, A. J. and Michael, J. G. 2008. Motion sickness: effect of changes in magnitude of
combined lateral and roll oscillation. Journal of Aviation, Space, and Environmental
Medicine. 79(11):1019- 1027.

Jugulkar, L. M., Singh, S., and Sawant, S. M. 2013. Variable damping using adjustable
fluid flow. International Journal of Engineering Research & Technology. 6(2): 114-
117.

Jugulkar, L. M., Singh, S., and Sawant, S. M. 2016. Analysis of suspension with variable
stiffness and variable damping force for automotive applications. Journal of
Advances in Mechanical Engineering. 8(5): 1-19.
https://doi.org/10.1177/1687814016648638

Kadu, S. K. and Mhaske, M. S. 2014. Experimental investigation of damping force of
twin tube shock absorber. International. Journal of Engineering Research and
Applications. 4(9): 59-64.

Karnopp, D., Crosby, M., and Harwood, R. 1975. Vibration control using semi-active
force generators. ASME Journal of Engineering for Industry. 96(2): 619-626.
https://doi.org/ 10.1115/1.3438373

Kee, L. Y. 2004. Design and analysis of magnetorheological dampers for train
suspension. Master thesis. Department of Automation and Computer-Aided Engineering,

88



The Chinese University of Hong Kong, Hong Kong.

Kishore, R., Choudhury, S. K., and Orra, K. 2018. On-line control of machine tool
vibration in turning operation using electro-magneto rheological damper. Journal of
Manufacturing Processes. 31: 187-198.
https://doi.org/10.1016/j.jmapro.2017.11.015

Koch, G., Fritsch, O., and Lohmann, B. 2008. Potential of low bandwidth active
suspension control with continuously variable damper. Proceedings of the 17%
World Congress the International Federation of Automatic Control, Seoul, Korea,
July 6-11, 2008, pp. 3392-3397.

Koulocheris, D., Papaioannou, G., and Chrysos, E. 2017. A comparison of optimal semi-
active suspension systems regarding vehicle ride comfort. IOP Conference Series:
Materials Science and Engineering ,252: 12-22. https://doi.org/10.1088/1757-
899X/252/1/012022

Lang, H.H. 1997. A study of the characteristics of automotive hydraulic dampers at high
stroking frequencies. Mechanical Engineering Department, University of Michigan,
Ann Arbor, MI. 231.

Liu, Y., Waters, T. P., and Brennan, M. J. 2005. A comparison of semi-active damping
control strategies for vibration isolation of harmonic disturbances. Journal of Sound
and Vibration. 280(1-2): 21-39. https://doi.org/10.1016/j.jsv.2003.11.048

Luczko, J., Ferdek, U., and Latas, W. 2018. Nonlinear analysis of shock absorbers with
amplitude-dependent damping. Proceedings of the 22" International Conference on
Computer Methods in Mechanics. 1922(100011):1-10.
https://doi.org/10.1063/1.5019096

Markkula, G. 2013. Evaluating vehicle stability support systems by measuring, analyzing,
and modeling driver behavior. Licentiate Eng. Thesis. Department of Applied
Mechanics, Chalmers University of Technology, G oteborg, Sweden.

Meissen, C. R. 2009. Development and validation of a physical model for a modern twin
tube damper. Master Thesis. Mechanical Engineering Department, Colorado State
University Fort Collins, Colorado.

Milliken, W. 1988. Active Suspension. SAE Technical Paper. 880799.
https://doi.org/10.4271/880799

Morettini, G., Bartolini, N., Astolfi, D., Scappaticci, L., and Becchetti, M. 2016.
Experimental diagnosis of cavitation for a hydraulic monotube shock absorber.
Diagnostyka. 17(3): 75-80.

Motta, D. S., Zampieri, D. E., and Pereira, K. A. 2000. Optimization of a vehicle
suspension using a semi-active damper. SAE Technical Paper. 2000-01-3304
https://doi.org/10.4271/2000-01-3304

Mucka, P. 2018. Simulated road profiles according to ISO 8608 in vibration analysis.

Journal of Testing and Evaluation. 46(1): 01-17.
https://doi.org/10.1520/JTE20160265

89



Mulla, A., Unune, D., and Jalwadi, S. N. 2014. Performance analysis of skyhook,
groundhook and hybrid control strategies on semi-active suspension system.
International Journal of Current Engineering and Technology. 3: 265-269.

Nakano, M., Katou, K., Satou, A., Miyata, K., and Mataushita, K. 2001. Three-ports
micro ER valve for ER suspension fabricated by photolithography. Proceedings of
the 8th International Conference on Electrorheological Fluids and
Magnetorheological Suspensions, Nice, France, pp. 222-228.

Nie, S., Zhuang, Y., Wang, Y., and Guo, K. 2018. Velocity & displacement-dependent
damper: A novel passive shock absorber inspired by the semi-active control.
Mechanical Systems and Signal Processing. 99: 730-746.
https://doi.org/10.1016/j.ymssp.2017.07.008

Nielsen, I. and Lugnberg, M. 2014. Force feedback control of a semi-active shock
Absorber. Master. Thesis, Institutionen for Systemteknik, Department of Electrical
Engineering, LinkOpings Universitet, Linképing, Sweden.

Oliveira, F., Gil deMorais, P., and Suleman, A. 2015. Semi-active control of base-isolated
structures. Journal of  Procedia Engineering. 114: 401-409.
https://doi.org/10.1016/j.proeng.2015.08.085

Oh, S. K., Yoon, Y. H. and Krishna, A. B. 2007. A study on the performance
characteristics of variable valve for reverse continuous damper. International
Journal of Aerospace and Mechanical Engineering. 1(8): 406-411.

Orvnés, A., Stichel, S., and Persson, R. 2011. Active lateral secondary suspension with
H oo control to improve ride comfort: simulations on a full-scale model. International
Journal of Vehicle Mechanics and Mobility. 49(9): 1409-1422.
https://doi.org/10.1080/00423114.2010.527011

Phalke, T. P. and Mitra, A. C. 2017. Analysis of ride comfort and road holding of quarter
car model by Simulink. Proceedings of the 5th International Conference of
Materials Processing and Characterization (ICMPC 2016), 4(2): 2425-2430.
https://doi.org/10.1016/j.matpr.2017.02.093

Rengaraj and Chandrasekaran .2012. Integration of active chassis control systems for
improved vehicle handling performance. PhD thesis, University of Sunderland,
England.

Prashant, M. and Aitavade, E. N. 2016. Mathematical modeling and experimental
validation of modification of mono-tube shock absorber. International Journal for
Scientific Research & Development. 4(4): 2321-0613.

Preumont, A. 2002. Vibration control of active structures. Kluwer Academic Publishers
Dordrecht. e-Book ISBN 2" edition: 0-306-48422-6.

Reybrouck, K.G. 1994. A non-linear parametric model of an automotive shock absorber.
SAE Technical Paper .1994-940869. https://doi.org/10.4271/940869

Rhoades, K. S. 2006. Development and experimental verification of a parametric model
of an automotive damper. Master. Thesis. Texas A&M University, USA.

90


https://doi.org/10.1016/j.proeng.2015.08.085

Ross, J. M. 2009. Human factors for naval marine vehicle design and operation. Ashgate,
Farnham, Surrey, England.

Savaresi, S. M., Poussot-Vassal, C., Spelta, C., Sename, O., and Dugard, L. 2010. Semi-
active suspension control design for vehicles. Elsevier, Butterworth Heinemann.
https://doi.org/10.1016/C2009-0-63839-3

Savaresi, S. M., Spelta, C., Moneta, A., Tosi, F., Fabbr, L., and Nardo, L. 2008. Semi-
active control strategies for high-performance motorcycle. Proceedings of the 17%
World Congress the International Federation of Automatic Control, Seoul, Korea,
July 6-11, 2008, pp. 4689- 4694.

Sharma, S. K. and Kumar, A. 2017. Ride performance of a high-speed rail vehicle using
controlled semi-active suspension system. Journal of Smart Materials and
Structures. 26(5): 26-55. https://doi.org/10.1088/1361-665X/aa68f7

Sharp, R. S. and Crolla, D. A. 1987. Road vehicle suspension system design - a review.
Vehicle System Dynamics: International Journal of Vehicle Mechanics and Mobility.
16(3): 167-192. https://doi.org/10.1080/00423118708968877

Singh, M., Singh, E. J. and Singh, E. G. 2017. Review on shock absorbers and suspension
system. International Research Journal of Engineering and Technology. 4(4): 1521-
1527.

Sorniotti A., D’Alfio N., and Morgando A. 2007. Shock absorber modelling and
experimental testing. SAE Technical Paper. 2007-01-0855.
https://doi.org/10.4271/2007-01-0855

Spelta, C., Savaresi, S. M., and Fabbri, L. 2010. Experimental analysis of a motorcycle
semi-active rear suspension. Journal of Control Engineering Practice. 18(11):
1239-1250. https://doi.org/10.1016/j.conengprac.2010.02.006

Spencer Jr. B. F., Dyke, S. J., Sain, M. K., and Carlson, J. D. 1997. Phenomenological
model for magnetorheological dampers. Journal of Engineering Mechanics, ASCE.
123(3): 230-238. https://doi.org/10.1061/(ASCE)0733-9399(1997)123:3(230)

Stefaan, W. R. D. 2000. Simulation tools, modelling and identification, for an automotive
shock absorber in the context of vehicle dynamics. Vehicle System Dynamics:
International Journal of Vehicle Mechanics and Mobility. 33(4): 261-285.
https://doi.org/10.1076/0042-3114(200004)33:4;1-U;FT261

Sun, L., Cai, X., and Yang, J. 2007. Genetic algorithm-based optimum vehicle suspension
design using minimum dynamic pavement load as a design criterion. Journal of
Sound and Vibration. 301(1-2):18-27. https://doi.org/10.1016/j.jsv.2006.08.040

Sun, X., Yuan, C., Cal, Y., Wang, S., and Chen, L. 2017. Model predictive control of an
air suspension system with damping multi-mode switching damper based on hybrid
model. Journal of Mechanical Systems and Signal Processing. 94: 94-110.
https://doi.org/10.1016/j.ymssp.2017.02.033

Talbott, M. S. and Starkey, J. 2002. An experimentally validated physical model of a
high-performance mono-tube damper. SAE Technical Paper Series. Proceedings of

91



the 2002 SAE Motorsports Engineering Conference and Exhibition. 2002-01-3337.

Tseng, H. E., and Hrovat, D. 2015. State of the art survey: active and semi-active
suspension control. Vehicle System Dynamics: International Journal of Vehicle
Mechanics and Mobility. 53(7): 1034-1062.
https://doi.org/10.1080/00423114.2015.1037313

Tyagi, S. 2016. Development of a semi-active suspension system for lightweight
automobile. Master’s Thesis, Faculty of the Virginia Polytechnic Institute and State
University. Virginia, USA.

Uys, P. E., Els, P. S., and Thoresson, M. 2007. Suspension settings for optimal ride
comfort of off-road vehicles travelling on roads with different roughness and speeds.
Journal of Terramechanics. 44(2): 163-175.
https://doi.org/10.1016/j.jterra.2006.05.002

Valasek, M., Novak, M., Sika, Z., and Vaculin, O. 1997. Extended ground-hook - new
concept of semi-active control of truck's suspension. Vehicle System Dynamics:
International Journal of Vehicle Mechanics and Mobility. 27(5-6): 289-303.
https://doi.org/10.1080/00423119708969333

Vanhees, G. and. Reybrouck, K. 2010. Shock absorber having a continuously variable
semi-active valve. Google Patents US20080087512A1. US Application.

Wang, R., Gu, F., Cattley, R., and Ball, A. D. 2016. Modelling, testing and analysis of a
regenerative hydraulic shock absorber system. Journal of Energies. 9(386): 1-24.
https://doi.org/10.3390/en9050386

Weiss, K. D. and Carlson, J. D. 1992. Macroscopic behaviour of electrorheological fluids:
techniques for measuring response time. International Journal of Modern Physics
B. 6(15-16): 2609-2623. https://doi.org/10.1142/S0217979292001328

Wibowo. Lambang, L., Chandra, N. E., Muhayat, N. and Jaka, S. B. 2017. Simulation
and analysis of vertical displacement characteristics of three wheels reverse trike
vehicle with PID controller application. AIP Conference Proceedings 1867, 020021.

Wszotek, G. 2016. Multi-objective model-based design optimization of hydraulic shock
absorbers. International Journal Computer Assisted Methods in Engineering and
Science. 23(2-3): 147-166. Retrieved from
http://cames.ippt.pan.pl/index.php/cames/article/view/170

Xu, J., Chu, J., and Ma, H. 2018. Hybrid modeling and verification of disk-stacked shock
absorber valve. Journal Advances in Mechanical Engineering. 10(2): 1-12.
https://doi.org/10.1177/1687814018756398

Yakub, F. 2015. Enhancing vehicle stability and rollover prevention through model
predictive control. Ph.D. Thesis. Graduate School of System Design, Tokyo
Metropolitan University, Tokyo, Japan.

Yakub, F. and Mori, Y. 2013. Model predictive control for car vehicle dynamics system
— comparative study. Proceedings of 3" International Conference on Information
Science and Technology, Yangzhou, Jiangsu, China, March 23-25, 2013, pp. 172-

92



177.

Yen, W. S. and Achorn, P. J. 1991. A study of the dynamic behaviour of an
electrorheological ~ fluid.  Journal of Rheology. 35(7): 1375-1384.
https://doi.org/10.1122/1.550236

Yao, G.Z., Meng, G. and Famg, T.1997. Parameter estimation and damping performance
of electro-rheological dampers. Journal of Sound and Vibration. 204(4): 575-584.
https://doi.org/10.1006/jsvi.1997.0959

Yao, J., Shi, W., Zheng, J., and Zhou, H. 2012. Development of a sliding mode controller
for semi-active vehicle suspensions. Journal of Vibration and Control. 19(8): 1152-
1160. https://doi.org/10.1177/1077546312441045

Yokoyama, M., Hedrick, J. K., Toyama, S., and Hall, E. 2001. A model following sliding
mode controller for semi-active suspension systems with MR dampers. Proceedings
of the American Control Conference Arlington, VA June 25-27, 2001, pp. 2652—
2657.

Yun, Y. W, Lee, S. M., and Park, M. K. 2010. A study on the efficiency improvement of
a passive oil damper using an MR accumulator. Journal of Mechanical Science and
Technology. 24(11): 2297-2305. https://doi 10.1007/s12206-010-0801-x

Zhang, C-W., Ou, J-P., and Zhang, J-Q. 2006. Parameter optimization and analysis of a
vehicle suspension system controlled by magnetorheological fluid dampers. The
Journal of Structural Control Health Monitoring. 13(5): 885-896.
https://doi.org/10.1002/stc.63

Zhang, Y., Chen, H., Guo, K., Zhang, X., and Eben, S. 2017. Electro-hydraulic damper
for energy harvesting suspension: Modeling, prototyping and experimental
validation. Journal of Applied Energy. 199:1-12.
https://doi.org/10.1016/j.apenergy.2017.04.085

Zhao, L., Yu, Y., Zhou, C., Wang, S., & Yang, F. 2018. A hydraulic semi-active
suspension based on road statistical properties and its road identification. Applied
Sciences. 8(5): 01-13. https://doi.org/10.3390/app8050740

93



APPENDIX A
CAR SPECIFICATIONS

Table 5.1 Test vehicle information
Items Specification Remarks
Make/Model Proton Persona SE Year 2010
Reg No WTY4720
PL1ICM6SRRAG269237
Powertrain 1.3L Campro IAFM 5M/T  Continental torque-based ECU

Suspension Type  Front McPherson strut with  OE Damper supplier KYB
(Front) direct acting anti-roll bar

Suspension Type  Rear Multilink with anti-roll OE Damper supplier KYB

(Rear) bar

Tyre (Front) Dunlop 175/70R13 (RE Goodyear NCT5 175/70R13
Spec) (OEM Spec)

Tyre (Rear) Dunlop 175/70R13 (RE Goodyear NCT5 175/70R13
Spec) (OEM Spec)

Tyre Pressure FR: 2.1 bar RR: 1.9 bar Standard spec

Test Condition 4-up, full fuel. Variable test  Test conditions to be adjusted

speeds and manoeuvres. accordingly.
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Table 5.2 Center wheel to arc fender measurement

Trim Height (mm) Trim Height (mm) Spring Seat (mm)

Damper Kerb 4-up Full Height
Rebound
Measureme FL FR FL FR FL FR FL FR Remarks
nt
RL RR RL RR RL RR RL RR
OEM 375 370 355 345 435 435 204.3 204.5 Centre wheel
to arc fender
365 365 305 305 435 435 N/A N/A
ProRide 370 365 355 355 430 430 204.4 204.3 Centre wheel
TAP to arc fender
365 365 330 330 430 430 N/A N/A
Tuning #1 370 365 355 355 430 430 204.4 204.3 Centre wheel
to arc fender
365 365 330 330 430 430 N/A N/A
Tuning #2 370 365 355 355 430 430 204.4 204.4 Centre wheel
to arc fender
365 365 330 330 430 430 N/A N/A
Tuning #3 370 365 355 355 430 430 204.4 204.3 Centre wheel
to arc fender
365 365 330 330 430 430 N/A N/A
Tuning #4 370 365 355 355 430 430 204.4 204.3 Centre wheel
to arc fender
365 365 330 330 430 430 N/A N/A

Figure A1 Diagram shows the centre wheel to arch fender measurement
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APPENDIX B
RIDE ROUTE/TEST TRACK

Straight-line:

Jalan Permata 2

Jalan Laman Kenanga 3/1

Figure B.2 Jalan Permata 2 to JIn Laman Kenanga 3/1, Nilai Impian, 71800 Nilai,

Negeri Sembilan.

Roundabout:
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Figure B.3 12, Jalan 7/5, 43650 Bandar Baru Bangi, Selangor to Jalan 7/5, 43650

Bandar Baru Bangi, Selangor.
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APPENDIX B
PUBLICATIONS

APPENDIX C1: 3 International Conference on Automotive Innovative and Green
Energy Vehicle (AIGEV, 2018).

Adjustable Valve Semi Active Suspension System for
Passenger Car

M. R. Ahmed!, F. R. M. Romlay?, A. R. Yusoff?

Y Faculty of Manufacturing Engineering, University Malaysia Pahang 26600, Pekan, Pahang, Malaysia
2 Faculty of Mechanical Engineering, University Malaysia Pahang 26600, Pekan, Pahang, Malaysia

“Email: razlan@ump.edu.my

Abstract. The suspension of the car plays a very important role in the safety and the
comfort of the vehicle and for absorbing the shock waves and give comfort for the driver
and passenger. This paper improves the performance of automobile suspension system,
by developing electronically adjustable semi active shock absorber. This achieved by
attaching stepper motor for each shock absorber which helps in adjusting the bleed
orifice to certain position that alternates the hydraulic oil flow in the shock absorber
between piston’s chamber during the process of compression and rebound. To evaluate
the effect of developed semi active shock absorber on dynamic behavior of the vehicle,
several tests were carried out on different types of road condition (bumpy, straight-line
and roundabout). These tests were used to evaluate the acceleration and ride quality.
There is great range in response when bleed orifice is opened reached up to 35% between
the stiff and soft setting. The value of root means square acceleration (RMS) was
calculated and compared with the standard of human exposure to whole body vibration,
which shows slightly error of 6%. The result shows effect of electronically controllable
shock absorber on vehicle’s dynamic behavior. The advantage of electronics to improve
performance of ride comfort and reduced the harms due to undesired vibration.

Keywords: Suspension; comfort; controllable; absorbers; softness.
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APPENDIX C2: The International Conference on Recent Advances in Industrial
Engineering and Manufacturing (ICRAIEM 2018), 12-13 December, Penang.

Numerical Investigation of Continuous Damping of the
Semi-Active Suspension System for Passenger Car

M R Ahmed!, A R Yusoff ! and F R M Romlay?

! Faculty of Manufacturing Engineering, University Malaysia Pahang 26600,
Pekan, Pahang, Malaysia

2 Faculty of Mechanical Engineering, University Malaysia Pahang 26600,
Pekan, Pahang, Malaysia

Corresponding author's e-mail: razlan@ump.edu.my

Abstract. The suspension of the car is considered an important element in the vehicle.
The primary function of the suspension system is to isolate the vehicle structure from
shocks and vibration due to irregularities of the road surface. There are two main
objectives need to be satisfied which are: ride comfort and road handling. Ride comfort
is inversely proportional to the absolute acceleration of the vehicle body, while the road
handling is linked to the relative displacement between the vehicle body and the tires.
This paper presented an attempted to enhance the performance of the shock absorber by
developing a model of continuously variable damping (CVD). To evaluate the effect of
the developed semi-active shock absorber on the dynamic behaviour of the vehicle, the
model was analyzed and compared with the passive and On/Off sky-hook control strategy
in the quarter car using two different types of road (random excitation, bumpy) as input
to the quarter car model. Force hysteresis loop with different sets of orifice diameter was
generated. The result indicates the CVD shows a reduction in both body acceleration and
vertical displacement contrasting with passive and On/Off sky-hook 73.4% and 53.8%
respectively and also the selling time by 79% and 59% for a bumpy road. This considered
an improvement toward the ride comfort and vehicle stability. The simulated results for
the quarter car model are shows similar trends and within range when compared with
reference research paper.

Keywords: Vehicle Suspension System; CVD; controllable; absorbers; orifice.
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