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CHAPTER 1

INTRODUCTION

1.0 Introduction

This chapter presents the project background asntbtezation and starting
point for the progress in this project. The problstatement and objectives of this

project are then discussed. The chapter ends gtsdopes of the project.

1.1 Project Background

Suspension system is a mechanism that physicapgrates the vehicles
body with it tires. It is one of the most importgrdrts of a vehicle. The roles of
suspension system are to support the vehicle wegtiate the vehicle body from
road disturbance and also maintain the tractionefdretween the tire and the road
surface (Acker et al.,, 1991). Common problem whegighing a passive vehicle
suspension system is the criteria of the systenthenet is for road holding or the
passenger comfort (Simon, 1998). When the passigpemsion system design is
focusing on increasing the passenger comfort,atisomatically will decrease the
handling abilities of the vehicle. This is a compf@oblem to solve and researches
for solving this problem have been doing since &ary ago. With continuous
research and emerging of technology, scientisteeagtheers managed to create new
approach in designing the vehicle suspension sysdtirough, this project focusing
more on to increase the comfort of the vehicles@ager, the handling abilities will
not be compromised as the design is following tbe mpproach of designing the
vehicle suspension. Alleyne et al., (1993) concltigigt they are four important
parameters that are associated with the comforthef vehicles passenger. The

parameters are suspension deflection, body (spmgs, g displacement, body



(sprung mass, gnacceleration and tire assembly (unsprung magsdisplacement.
But the acceleration and displacement of vehiddedy (sprung mass, Jrplayed the
largest role in improving the comfort compared tbeo parameters (Alleyne et al.,
1993). The approach of designing the vehicle suspensystem for this project
called semi-active suspension system that will dierlfully explained in the next

chapter.

1.2 Problem Statement

Passive suspension system is very common in theepgsr’s vehicles. The
main problem for passive suspension system is hinaa give comfort to the
passengers without sacrificing the traction foreeMeen the tire and the road. Figure
1.1 shows the relation of ride comfort and vehistability in a vehicle passive
suspension system design. The passive suspensgtansyperformance also is
variable subject to road profile and added passsengeight. It is because passive
suspension system has fixed spring constant andpidgncoefficient thus its
damping force is not adjustable. This project depetl a vehicle suspension system
that can adjust its damping force by replacing ddath hydraulic damper with a
continuously adjustable damper to overcome thelpnobThe main focus is to make
the vehicle passenger feel more comfortable witlsaatificing the vehicle handling

abilities.

Low Damping <—>» High Damping

Figure 1.1: Passive Suspension Design Compromise

Source: Simon D.E (1998)



1.3 Objectives

There are three objectives of this project:
e« To develop a two degree of freedom (2DOF) quaréerncodel passive
suspension system.
e To develop Magneto Rheological (MR) damper usinggBam method.
e To develop modified skyhook controller to a sentie quarter car

suspension using MR damper.

1.4 Scopes

The scopes of this project are:
 Modeling two degree of freedom (2DOF) quarter cavdel passive
suspension system block diagram in MATLAB.
¢ Modeling the modified skyhook controller block diam in MATLAB.
* Modeling the Bingham Method MR damper block diagiarMATLAB.

» Connecting the block diagram and run the simulation



CHAPTER 2

LITERATURE REVIEW

2.0 Introduction

This chapter is conducted to investigate the pastarch done in any areas
that are related in this project. This chaptertstaith the meaning of each word in
the project title. Previous researches are theiewad and discussed briefly in order
to understand more about the projects and alsoegath useful information.

Summary of the literature review ends this chapter.

2.1 Modeling and Simulation

Modeling and simulation within the engineering isllwecognized and it is a
discipline for developing a level of understandofghe interaction of the parts of a
system, and of the system as a whole (Bellinge@420A model is a simplified
representation of a system at some particular pairttime or space intended to
promote understanding of the real system. A sinarats the manipulation of a
model in such a way that it operates on time ocega compress it, thus enabling
one to perceive the interactions that would noentise be apparent because of their

separation in time or space.

2.2 Vehicle Suspension System

Suspension is a term that given for a system tbatamed spring, shock
absorber and few linkages that connected the body wehicles to the tire.
Suspension system can be divided into three caesgaihich is passive, semi-active

and fully active suspension system. This suspersystem categorizing depends on



the external power input and/or the control bandidto the system (Appleyard

and Wellstead, 1995). A passive suspension sysgeroomventional suspension
system consist of non-controlled spring and shdideebing damper which means
the damping criteria is fixed. Semi-active suspemssystem has equally same
configuration as the passive suspension but witbrdrollable damping rate for the
shock-absorbing damper. An active suspension is ionevhich the passive

components are augmented by actuators that suggitianal force.

2.2.1 Passive suspension system

Lot of common vehicles today uses passive susperssistem to control the
dynamics of a vehicle’s vertical motion as wellpeh and roll. Passive indicates
that the suspension elements cannot supply energlyet suspension system. The
passive suspension system controls the motion efottdy and wheel by limiting
their relative velocities to a rate that gives thesired ride characteristics. This is
achieved by using some type of damping elementefdldetween the body and the
wheels of the vehicle, such as hydraulic shock @ieso Properties of the
conventional shock absorber establish the tradeefiveen minimizing the body
vertical acceleration and maintaining good tireer@gantact force. These parameters
are coupled. That is, for a comfortable ride, itdssirable to limit the body
acceleration by using a soft absorber, but thmaalmore variation in the tire-road
contact force that in turn reduces the handlinggoerance. Also, the suspension
travel, commonly called the suspension displacemantts allowable deflection,
which in turn limits the amount of relative velgciof the absorber that can be
permitted. By comparison, it is desirable to redtlee relative velocity to improve
handling by designing a stiffer or higher rate $habsorber. This stiffness decreases
the ride quality performance at the same time mmee the body acceleration, detract

what is considered being good ride characteristics.

An early design for automobile suspension systerogded on unconstrained
optimizations for passive suspension system wihnchcate the desirability of low
suspension stiffness, reduced unsprung mass, aogt@mum damping ratio for the
best controllability (Thompson, 1971). Thus thespas suspension systems, which

approach optimal characteristics, had offered dradive choice for a vehicle



suspension system and had been widely used foHoarever, the suspension spring
and damper do not provide energy to the suspersistem and control only the
motion of the car body and wheel by limiting thesgension velocity according to
the rate determined by the designer. Hence, tHempaaince of a passive suspension
system is variable subject to the road profilesssR& suspension system

representation diagram is shown in Figure 2.1.

Sprung mass

spring g H damper

unsprung mass

Spring

Figure 2.1: Passive suspension system

Source: Yahaya (2006)

2.2.2 Active suspension system

Active suspensions differ from the conventionalgpas suspensions in their
ability to inject energy into the system, as wslistore and dissipate it. Crolla (1988)
has divided the active suspensions into two categjothe low-bandwidth or soft
active suspension and the high-bandwidth or stifive suspension. Low bandwidth
or soft active suspensions are characterized bgctumator that is in series with a
damper and the spring. Wheel hop motion is comdoplassively by the damper, so
that the active function of the suspension carel#ricted to body motion. Therefore,
such type of suspension can only improve the rafefort. A high-bandwidth or stiff

active suspension is characterized by an actuddceg in parallel with the damper



and the spring. Since the actuator connects thprung mass to the body, it can
control both the wheel hop motion as well as thdybmotion. The high-bandwidth
active suspension now can improve both the ride feadmand ride handling
simultaneously. Therefore, almost all studies @aéttive suspension system utilized
the high-bandwidth type. Active suspension repriegem diagram is shown in

Figure 2.2.
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Figure 2.2: Active Suspension System (a) Low-bandwidth (ljiHbandwidth

Source: Yahaya (2006)

2.2.3 Semi-active suspension system

Suspension system can be classified into two wisigassive suspension and
active suspension according to the existence dir@loimput. The active suspension
system can be further classified into two typesciwhs a semi-active system and a
fully active system according to the control ingeaneration mechanism. The semi-
active suspension system uses a varying dampirge fas a control force. For

example, a hydraulic semi-active damper variestbe of an orifice in the hydraulic



flow valve to generate desired damping forces. kateo-rheological (ER) damper
or a magneto-rheological (MR) damper applies varitavels of electric field or
magnetic field to cause various viscosities ofEfeor MR fluids.

In early semi-active suspension system, the reigglaif the damping force
can be achieved by utilizing the controlled damperder closed loop control, and
such is only capable of dissipating energy (Will&arh994). Two types of dampers
are used in the semi-active suspension namely wite state dampers and the
continuous variable dampers. The two state dangveitshed rapidly between states
under closed-loop control. In order to damp theybmation, it is necessary to apply
a force that is proportional to the body velocitherefore, when the body velocity is
in the same direction as the damper velocity, gragpker is switched to the high state.
When the body velocity is in the opposite directtonthe damper velocity, it is
switched to the low state as the damper is tratisgithe input force rather than
dissipating energy. The disadvantage of this syssetimat while it controls the body
frequencies effectively, the rapid switching, partarly when there are high
velocities across the dampers, generates highdrexyuharmonics which makes the

suspension feel harsh, and leads to the genew@tiomacceptable noise.

The continuous variable dampers have a charadtetisit can be rapidly
varied over a wide range. When the body velocitg damper velocity are in the
same direction, the damper force is controllednilate the skyhook damper. When
they are in the opposite directions, the dampswitched to its lower rate, this being
the closest it can get to the ideal skyhook fofidee disadvantage of the continuous
variable damper is that it is difficult to find dees that are capable in generating a
high force at low velocities and a low force athglocities, and be able to move
rapidly between the two. Karnopp (1990) has intosdlithe control strategy to
control the skyhook damper. The control strategljzat a fictitious damper that is
inserted between the sprung mass and the stati@hgras a way to suppress the
vibration motion of the spring mass and as a tootampute the desired skyhook
force. The skyhook damper can reduce the resoreak pf the spring mass quite
significantly and thus achieves a good ride quaBlyt, in order to improve both the
ride quality and handling performance of a vehiblgth resonant peaks of the spring

mass and the unsprung mass need to be reducedkitown, however, that the



skyhook damper alone cannot reduce both resonaks @ the same time (Hong et
al., 2002). Figure 2.3 shows the representatiogrdia of semi-active suspension

system.

Sprung mass
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UNsSpIrung mass

spring

Figure 2.3: Semi-active Suspension Diagram with Controlldbénper.

Source: Yahaya (2006)

More recently, the possible applications of electreological (ER) and
magneto-rheological (MR) fluids in the controllaldempers were investigated by
Yao et al. (2002) and Choi and Kim (2000). Howewence MR damper cannot be
treated as a viscous damper under high electriceicyyra suitable mathematical

model is needed to be developed to describe theldfRoer.
2.3 Magneto-Rheological (MR) Damper
Magneto-rheological (MR) dampers are semi-activetrod devices that use

MR fluids to produce controllable dampers. Theyeptitlly offer highly reliable

operation and can be viewed as fail-safe in they tlecome passive dampers should
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the control hardware malfunction. To develop cdragorithms that take maximum
advantage of the unique features of the MR dampedels must be developed that
can adequately characterize the damper’s intrinsidinear behavior. Following a
review of several idealized mechanical models tortillable fluid dampers, a new
model is proposed that can effectively portray lledavior of a typical magneto-
rheological damper. The Bingham method mathematoaldel is chosen for
modeling the MR damper for this project. The schirdiagram of a MR damper is

shown n Figure 2.4.

‘Wires to
Electromagnet M :
Magmnetic ; -
j . = Accumulator
\ MR Flud Clicke C
Rod Piston

Figure 2.4: MR Damper Schematic Diagram
Source: Spencer et al., (1996)
2.3.1 Bingham mechanical model for mulation
The stress-strain behavior of the Bingham viscdiglasodel (Shames and
Cozzarelli, 1992) is often used to describe theabiem of MR (and ER) fluids. In
this model, the plastic viscosity is defined as stape of the measured shear stress

versus shear strain rate data. Thus, for positalaes of the shear ratg, the total

stress is given by:

T = Ty(fietaq) + NV (2.1)

Wheret,ric1q), IS the yield stress induced by the magnetic (@ctec) field

andn is the viscosity of the fluid. Based on this modkthe rheological behavior of
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ER fluids, Stanwayet al. (1985, 1987) proposed an idealized mechanical model
denoted the Bingham model, for the behavior of & ddmper. The model consists
of a Coulomb friction element placed in parallethwviscous damper as shown in

Figure 2.5.

NARRRRRRY
My

Figure 2.5: Bingham Model of a Controllable Fluid Damper

Source: Gongyu et al., (2000)

The force generated by the MR damper is given by;

f=/fosgn(x— %)+ co(x — %) (2.2)

Wherec, is the damping coefficient anfj is the frictional force, which is related to

the fluid yield stress.
Considering that the increase in the damping f@@pproximately linear for

a given increase in the applied voltage, the comsta (2.2) above also considered

varying linearly with the applied voltage.

Co = Cq T iV, fo = fa + th (23)

Wherec, andf, are constant values when there is no voltage ondistRper while

¢y, andf;, are the coefficients with voltage.
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24  Skyhook Controller

Semi-active dampers allow for the damping coedhitj and therefore the
damping force, to be varied between high and lovelte of damping. Early semi-
active dampers were mechanically adjustable by iogeor closing a bypass valve.
The only power required for the damper is the nedif small power to actuate the
valve. For this research, a magneto-rheologicalp#airwhich varies the damping by
electrically changing the magnetic field appliedthe magneto-rheological fluid is
used. With a semi-active damper, the 2DOF modelifiesdo Figure 2.6, where the
damping coefficient, Golavle CaN be varied in time. This configuration is redd to

as a semi-active suspension.

sky

maginary
damper

SPIiNg mass

1

SPring } damper

unspirung 1mass

Spring

Figure 2.6: 2DOF Skyhook Damper Configuration

Source: Yahaya (2006)

Once it is decided that a semi-active damper id,use means of modulating

the damper such that it emulates a skyhook dampest be determined. We first

define the velocity of the sprung mass relativethe unsprung mass,;¥ to be
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positive when the sprung mass and unsprung massepggating (i.e., when;\s
greater than % for the systems. Now assume that for both systémessprung mass
IS moving upwards with a positive velocity;.VIf we consider the force that is
applied by the skyhook damper to the sprung massyatice that it is in the negative
X3 direction, or

Fsky= -CoyV1 (2.4)

Where, Ky is the skyhook force andsfyis the skyhook damping coefficient.
Next, is to determine if the semi-active dampeabte to provide the same force. If
the sprung and unsprung masses in Fig. 3.1 araadega then the semi-active
damper is in tension. Thus, the force applied &ogrung mass is in the negative X

direction, or

Feontrollable= -CeontrollableY 12 (2.5)

Where FontrolianleiS the force applied to the sprung mass. Sincaneable to
generate a force in the proper direction, the esatpirement to match the skyhook

suspension is

Ceontrollable= C:;ky% (2.6)

To summarize, if Y and 4, are positive, €ontroLLasLe Should be defined
as in equation above. Now consider the case inlwthe sprung and unsprung
masses are still separating, but the sprung massoming downwards with a
negative velocity Y. In the skyhook configuration, the damping forcd wow be
applied in the upwards, or positive; Mirection. In the semi-active configuration,
however, the semi-active damper is still in tens@md the damping force will still
be applied in the downwards, or negative, direct®imce the semi-active damping
force cannot possibly be applied in the same doeds the skyhook damping force,
the best that can be achieved is to minimize thepiag force. Ideally, the semi-
active damper is desired to be set so that them® idamping force, but in reality
there is some small damping force present andnbisn the same direction as the
skyhook damping force. Thus, if;¥is positive and VY is negative, we need to

minimize the semi-active damping force.
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We can apply the same simple analysis to the dith@rcombinations of Y

and Vi, resulting in the well-known semi-active skyhoantrol policy:

leVl: >0 Fa = Csar N

|7 <0 Fa=0 2.7)

Where, ka is the semi-active skyhook damper force. Equat®nimplies
that when the relative velocity across the suspen$V;;) and the sprung mass
absolute velocity (Y) have the same sign, a damping force proportitmal; is
desired. Otherwise, the minimal amount of dampsddsired. Further, Equation (4)
provides a very simple method to emulate the idleghook suspension system using

only a semi-active damper.

The skyhook damper configuration attempts to elate the trade-off
between resonance control and high frequency isalacommon to passive
suspensions (Alleyne et al., 1993). Consider thrangement in Figure 2.6. The
damper is connected to an inertial reference insitye Clearly, this arrangement is
fictitious, since for this configuration to be inephented, the damper would have to
be connected to a reference point which is fixeth weéspect to the ground but can
translate with the vehicle. Such a suspension nragipoint does not exist. The end
goal of skyhook control is not to physically implent this system, but to command
a controllable damper to cause the system to respora similar manner to this
fictitious system.

In essence, this skyhook configuration is addirmggaramping to the sprung
mass and taking away damping from the unsprung.nfagsskyhook configuration
is ideal if the primary goal is isolating the spgumass from base excitations, even at
the expense of excessive unsprung mass motiondditianal benefit is apparent in
the frequency range between the two natural fregjgen With the skyhook

configuration, isolation in this region actuallycneases with increasing,g
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2.5 Literature Review of Previous Research

This subchapter is conducted to investigate the peEsearch done in any
areas that are related to this project. The magrests are semi-active control, car
suspension system, magneto-rheological damperslkaibok controller. Figure 2.7

below show a flowchart of the literature searchoading to the keywords used.

Semi-active Magneto- Skyhook Quarter car Vehicle
rheological Suspension
Semi-active Magneto- Skyhook
vehicle rheological Semi-active
suspension semi-active

Figure 2.7: Flowcharts of the Literature Search

Keywords from the first tier of the flowchart givast number of results but
in order to avoid searching through large numbénsossibly unrelated papers, the
keywords from second tier are used. In additioth&ojournal reviewed, many books
and other papers related to the areas of vehiakardics, semi-active suspension
control, and magneto-rheological dampers have bead and consulted over the

course of this project.

A literature search was performed to investigatatwdthers have done in
areas relating to this work. The search includesl areas of semi-active dampers,

magneto-rheological fluid devices, and semi-actioetrol.

2.5.1 Semi-active suspension

Searching under semi-active resulted in many papw®at discussed the
performance benefits of semi-active control on saative dampers. Lieh and Li
(1997) discuss the benefits of an adaptive fuzayrob compared to simple on-off

and variable semi-active suspensions. The intenh&f work is to apply a fuzzy
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logic concept to control semi-active damping that normally nonlinear with

stochastic disturbances. A quarter-car model wad us implement the fuzzy

control rule. A paper by Hennecke et al., (199®cdssed the development of a
semi-active suspension for BMW'’s top models. Therk showcases BMW'’s latest
advancement in their adaptive, frequency-dependi@miper control. The system has
three discrete, digressive damping characteristiod, varies the damping forces at
the front and rear axles independently. In theirkywdhe authors describe the
frequency-selective and amplitude-dependent cordghn@tegy. The system shows

potential for improving comfort and road safety.

The study by Ahmadian, (1993) examines the effeCsemi-active damping
on class 8 trucks. The truck was tested on bothstieets and highway roads under
different damper configurations. The study placenhisactive dampers on the front
axle and passive dampers on the rear axles pravbd & better configuration than
semi-active dampers on the rear axles and passivgers on the front axle. The
ride quality of the first configuration was showmlie nearly equal to that of semi-

active dampers on all axles.

A preview estimation technique is used in studiesfggmed by Hac and
Youn (1992), and Huisman et al., (1993). The settiira controller uses knowledge
of approaching road disturbances from preview ssngominimize the response to
these disturbances. Giua et al., (1998), Lieh,991), and Giua et al., (1999) use

optimal control techniques for use in semi-activspgEnsions.

2.5.2 Magneto-Rheological damper (MR damper)

Searching under Magneto-Rheological damper respigers that discussed
several different applications of MR dampers. Thet foy Lee and Choi (2000)
presented the control characteristics of a fullstespension with a MR damper. This
study progressed into a full-car model where valtipitch, and roll motions were
included. The control characteristics are evaludatadugh hardware-in-the-loop
simulations. Sims et al., (1999) presented a leasantional use for MR fluid. Their
work used a MR damper in the squeeze-flow modesgimeeze-flow mode large,

controllable forces can be generated over smapllaltement ranges. The authors
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describe a MR squeeze-flow device incorporated hes damping element in a

vibration isolator.

MR dampers have reached into several other lesseational realms.
Ahmadian (1999) discusses the development of MRpéasnfor use in bicycle
suspensions. Results show that properly designed daRipers can provide
significant performance benefits over traditionatgive bicycle dampers. Peel et al.,
(1996) present the benefits of using MR damperstdrol the lateral vibrations of a
modern rail vehicle. It is shown that a control@lbiR damper can be designed to
improve upon the specification for a conventionatefal railcar damper.
Furthermore, Ahmadian et al., (1999) studied theaathges of using MR dampers
for controlling shock loading. Their work shows tthesing a system that includes a
50-caliber rifle and a MR damper, the MR damper ¢@n quiet effective in
controlling the compromise that exists between kHooces and strokes across the
shock absorber. This experimental study furthemshthat MR dampers can be used
to adjust the shock loading characteristics in amea that fits the dynamic system
constraints and requirements. Choi et al., (200(Q)loee the use of MR fluid
dampers in semi-active seat suspensions. A skybookol scheme is employed to
reduce the vibration level at the driver’'s seat.

2.5.3 Skyhook control

The skyhook search resulted in several papers ndealirectly with the
implementation of skyhook control in vehicle apptions. Shon et al., (2000)
explore skyhook control for the semi-active Macpler suspension system. The
absolute velocity of the sprung mass and the weatelocity across the damper are
estimated. The semi-active damper is includedendbp of computer simulations so
as to incorporate the non-linearity, time-delayd ammodeled dynamics of the
continuously variable damper. Ikenaga et al., (2006lude skyhook damping in
their study of suspension control of ground velsdh@ased on a full-vehicle model.
Another study by Ikenaga et al., (2000) shows thattions of the sprung mass above
and below the wheel hop mode can be diminishedguskyhook damping plus
active filtering of spring and damping coefficients
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Several other papers demonstrate the benefitsing s&kyhook damping for
vehicle applications. Akatsu et al., (1990) devebban active suspension employing
an electro hydraulic servo system. Their systenwufea a skyhook damper which
can reduce body vibration to less than one-half giaconventional suspensions at
low frequencies. Hrovat and Hubbard (1981) expimiag a skyhook spring as well
as a skyhook damper in a simple single-degreeegfdiom vehicle model. Their
performance index includes RMS jerk along with there conventional RMS
acceleration.

Finally, Ahmadian (1997) discusses the advantagesusing skyhook
dampers for secondary suspensions. It is shownstmat-active skyhook dampers
provide a more favorable control of the dynamicoresice without decreasing the
isolation effectiveness of the suspension. Furtbeemthe study shows that the
skyhook damper offer more control at one body atekpense of less control on the
other body. In his study, Ahmadian also introdugeslternative semi-active control
policy called hybrid control which can provide leetcontrol of both bodies.

2.5.4 Literature Review Summary

Of the previous studies mentioned in this literattgview, the majority have
been analytical studies. Model simulations andyital studies have dominated the
studies in this area. To date, few works have thginty investigated the commonly
considered semi-active control policies, such aghe#ik control. The research
presented in the following chapters intends to touate to the investigation of semi-
active control. The extensive simulation analysiespnted in this project aims to

complement the analytical studies of the past.



CHAPTER 3

METHODOLOGY

3.0 Introduction

This chapter discussed in detailed about the ndetlsed for modeling the
suspension system and simulation process. This tahdpegins with a brief
explanation of the step involved in this projecddollowed by a methodology
flowchart as the summary. The processes of eaphtisat involved in this project are
then is described and discussed thoroughly indhégpter. This chapter is important
in ensuring the objective of this project achiegedcessfully.

3.1 Methodology Process

This project starts with title confirmation withetrsupervisor of the project.
Then the project background, problem statemengablbes and the scopes of the
project is discussed with supervisor in order tdarstand what the overall project is
about. Literature review is then conducted in orteinvestigate past researches in
the areas related to this project. Literature ngvie important as it helps to
understand more about the project as well as tongeé information about the data
and results that can help or used in this project.

After getting enough information about the projeitte modeling of the
Simulink diagram is started. Firstly is to modet #@DOF passive suspension system
Simulink diagram in MATLAB. The modeling is done Iyllowing the equation of

motion for the 2DOF passive suspension system.nEx¢ process is modeling the
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skyhook controller Simulink diagram according te #quation that is sourced from
the journal. The Simulink diagram of MR damper therdeveloped and modeled.
The MR damper is developed by following the mecbanmodel formulation of the

Bingham method.

The next step is creating the Simulink diagramseini-active suspension
system with skyhook controller. This is achievedrbeglacing the hydraulic damper
in passive suspension system with the MR damper attathed the skyhook
controller. Simulink diagram of semi-active suspenssystem with modified
skyhook controller is created after that by adding modified skyhook controller
Simulink diagram to the previous semi-active suspmn system with skyhook

controller.

After completing all the Simulink diagrams needkd this project, the
simulation processes are done in the MATLAB. Theults of the simulation then
are analyzed and discussed briefly. The final sepriting the final report of the
project which includes all five chapters startimgnh introduction, literature review,
methodology, results analysis and the conclusiohe Bummary of all the
methodology above can be summarized into a metbggloflowchart which is
shown in Figure 3.1 at the next page. All the mdthogy processes are following

the timeline in the Gantt chart which is attachethie appendix.
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3.2 Modeling and Simulation Software

The software that is used to create the Simulilgrdm and running the
simulation is MATLAB. MATLAB stands for Matrix Lab@tory. The very first
version of MATLAB, written at the University of NewMexico and Stanford
University in the late 1970s was intended for uséMatrix theory, Linear algebra
and Numerical analysis. Later and with the additmin several toolboxes the
capabilities of MATLAB were expanded and todaysitai very powerful tool at the
hands of an engineer. Typical uses of MATLAB in@dud

* Math and Computation

* Algorithm development

* Modeling, simulation and prototyping

« Data analysis, exploration and visualization
« Scientific and engineering graphics

* Application development, including graphical usgerface building.

For the project, Simulink from MATLAB is used to ol the block diagram
of the suspension system. The equations will bevexded into block diagram by
using MATLAB Simulink Library block function. Mod&lg must be precisely
following the required equations in order to averdbr thus giving the correct results
during the simulation. For simulation, the compl8tsulink diagram must modeled
first in order to represent the real suspensiotesyxonfiguration. Figure 3.2 shows
the MATLAB interface and Figure 3.3 shows the MATR/Aimulink Library.
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3.32DOF Quarter Car Passive Suspension System Modeling

The passive quarter car was design as a représaentha classic two degree
of freedom (2DOF) suspension system. In the phigigalementation of the 2DOF
model, each component of the quarter-car was chésecosely resemble the
characteristics of one quarter of a passenger eehitgure 3.4 below shows the

2DOF quarter car passive suspension system repatisen

g
= be

|
k§ = J .

unsprung massy,

. 1

Figure 3.4: 2DOF Quarter Car Representation System

sprung massy

Fy
- \/ ".u.'"\/'_

The Simulink modeling is done by following the matiatical representation
of the passive suspension system which is its eguat motion. For 2DOF quarter

car passive suspension system, the mathematicakesgations are below:

MeZs = _ks(Zs - Zu) - bs(zs - Zu) (3-1)
MyZy = ks(Zs - Zu) + bs(zs - Zu) - kt(zu - Zr) (32)
Where;
Ms = sprung mass

my = unsprung mass
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bs = damping coefficient

Ks =spring stiffness coefficient

Ki = tire stiffness coefficient

Zy =displacement of unsprung mass
Z =displacement of road

Zs— 7, =suspension deflection

- % =tyre deflection

Zs =sprung masgisplacement

Zg = sprung mass acceleration

The equation (3.1) is for the sprung mass, and equation (3.2) is for the
unsprung massn,. Therefore, from the equations above, the Simutlidgram of
2DOF quarter car passive suspension system is a@ebl Although there are two
equations involved in modeling this Simulink diagrait can be simplified to get
only one Simulink diagram representation of the ZEDQuarter car passive
suspension system. The Simulink diagram of 2DOHRtqua&ar passive suspension

system is shown as in Figure 3.5.

it

Body Acceleration, Ms

[0

Body displacement, Ms

Suspension deflection

P
-

Tire Displacement, Mu

Road profile

Figure 3.5: Simulink of 2DOF Quarter Car Passive Suspensistesn
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Scope is a block diagram in Simulink that is usedisplay the results of the
simulation in graph. The input for the scope isstakrom specific placed according
to what parameters that the scope is set to displajs explained in the early
chapter, the important parameter that is associatigld passengers comfort are
sprung mass (ghacceleration. But the other three parameters iatportant which
are sprung mass @ndisplacement, usprung massyrdisplacement and suspension
deflection. This is to ensure that the tractiorcéobetween the tire and the road is

maintained while the comfort is increased.

A set of data for the quarter car must be put theo Simulink diagram in
order to represent the suspension system and toheusimulation. There are two
ways for inserting data into the Simulink diagrariet is by using M-file function
or directly key in the data into the specific bldokthe Simulink diagram according
to the part of the suspension that the block reptesl. For this project, the second
way is chosen as it is much simpler and consunsdtime. The data is inserted into

the Gain block which is triangular in shape anchgeacolored.

Table 3.1 2DOF quarter car passive suspension system data

Sourcelin and Kanellakopoulos (1997)

Data Value
Sprung mass, i 290kg
unsprung mass, m 59kg
Spring stiffness, k 16 812 N/m
Damping Coefficient, b 1000 N.s/m

Tire Stiffness, k 190 000 N/m




27

3.4 Modified Skyhook Controller Modeling

The modified skyhook controller position in the gea car system is shown
by Figure 3.6. The ideal concept of skyhook conisoby attaching an imaginary
damper to the sprung mass and fixed sky. In redlityy not possible hence a
realization model is developed.

by Sensor
LJ 2 a

v
control

Figure 3.6: Skyhook Contro[a) Ideal concept (b) Skyhook controller realizatio
Source: Karnopp et al., (1974)

The equation of the modified skyhook controllegigen as below:

Modified Skyhook:Cy,, [a (2, — ) + (1 - a)z;] (3.1)

—

o
s
2

z
)

'

Figure 3.7: Simulink of Modified Skyhook Controller
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Figure 3.7 in the previous page shows the Simulilagjram of the modified
skyhook controller. Modified skyhook controller hago inputs which are sprung
mass (g velocity and unsprung mass (ymvelocity. The yellow blocks in the
Simulink diagram are the input blocks and it is mected to the quarter car
suspension system to get the desired input. Matlileyhook controller has two
manipulated parameters which igGando. Both parameters are represented by the
green colored blocks and are manipulated to gebéis¢ skyhook damping in order

to increased passengers comfort.
3.5 MR Damper Modeling
The MR damper is developed by following the medt&n model

formulation of Bingham method. The Bingham methoathematical expression is

below:

f=/fosgn(x— %¢)+ co(x — %) (3.2)

Where,
Co = Cq + CiV, fo = fa + th (3-3)

The data for Bingham method MR damper is shownabld@ below:

Table 3.2: Data for Simulink diagram of MR damper

Damping Coefficient, ¢, Frictional force, f,
¢, =890 N.s/m fa = 58N
cn = 560 N.s/mV fn = 107N/V

Source: Gongyu et al., (2000)
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The Simulink diagram of Bingham method MR dampemisdelled and is

shown in Figure 3.8 below:

dufdt

Fd

Sine YWave Current

O—> ¢

Claock

To Warkspace

Figure 3.8: Simulink of Bingham Method MR Damper

The data of MR damper are inserted in the orangekb. The sine wave
block and current block is inserted for the chegkpurposed. Those blocks are
removed when the MR damper is replacing the hydraddmper in the passive
suspension system. The input for the MR damperadigtis the sprung mass {n

velocity minus unsprung mass (nvelocity.

The Simulink diagram of the MR damper must behasetree predicted
characteristic of Bingham model MR damper. Thisngportant as the Simulink
diagram of the MR damper must produced the comesponse as the real MR
damper thus producing accurate results in the dntheo project. The Simulink
diagram of MR damper must produce damping forcezbraking to the predicted

characteristic shown in Figure 3.9.
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Figure 3.9 Predicted Characteristic of Bingham Method MR Dampe

Source: Spencer et al., (1996)

3.6 Semi-Active Suspension Analysis

The semi-active suspension analysis is dividedwvo parts as this project
also compared the different controller configuratidhe first controller is the basic

skyhook controller and the second controller isrttwalified skyhook controller.

3.6.1 Semi-active suspension with skyhook controller

To create a semi-active suspension representatmtelrin Simulink, the
original damping element is removed and replacedti®y MR damper that is
developed before. By replacing the damping elematht MR damper, it becomes a
suspension system with adjustable damping coefiticlkyhook controller is added
to the system in order to make the damping coefiicican be controlled and

adjusted according to the input thus giving the dasping force to the system.



31
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(Bingham Method)

Figure 3.10: Simulink of Semi-active Suspension with Skyhoasn@oller

Figure 3.10 above shows the complete Simulink rdiagof the semi-active
suspension with skyhook controller. The skyhookteuler is represented by the
Gain block and the value ofs is manipulated to get the best damping force that
can improve comfort. The actual skyhook controlueal Gy, is automatically
configured by a computer box but for this projedsienough to represent it with a
Gain block.

As in Simulink of passive suspension system, tupas are placed also to
shows the results of the simulation in graph. Tt for each scope is exactly the
same as in the passive suspension system as thbessave showing the same
parameters results.
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3.6.2 Semi-active suspension with modified skyhook controller

Figure 3.11 shows the complete Simulink diagraraemhi-active suspension
system with modified skyhook controller. The diface of this Simulink diagram is
the controller for the suspension system. The nextlikyhook controller that has
been developed before is added to the semi-aatisgesision Simulink diagram. For
the simulation, the best value ofcfrom semi-active suspension with skyhook
controller is retained. The only parameter thamanipulated is the value of in

order to improve the previous simulation result.

To Waorkspace

Body Acceleration
bdispm
;{I | To Warkspace2

Body Displacement

=]

P tdispm

To Workspaced

Suspension Deflection
l
_>. To Workspaced

Tire Displacement

Quarter Car

o

F Y

Fa

ragneto-Rheological Damper Cshy ( :)—b tm

(Bingham hethod) Clock
Madified Skyhook Cantraller ToWaorkspace!

Figure 3.11: Simulink of Semi-active Suspension with Modifislyhook Controller



CHAPTER 4

RESULTSAND DISCUSSION

4.0 Introduction

In this chapter, all the findings and results drevged and discussed briefly.
For all the simulations, the road profile giveraisin wave with amplitude of 0.05m
and frequency is 1 Hz. This is to ensure all susjpenconfigurations are tested on
the same road profile. The results of passive sispe system is showed first and
discussed accordingly. The results of MR dampeukition then are previewed to
see whether the response of the damper is sinoiltlret predicted results. Next are
the simulation results of semi-active suspensioth 8kyhook controller and then
followed by simulation results of semi-active suspien with modified skyhook
controller. The results then are compared to seechwlsuspension system

configuration gives best comfort to the passengers.

4.1 Passive Suspension System Simulation Results

The results of simulation for 2DOF quarter car passuspension system are
shown in Figure 4.1 to Figure 4.4. Figure 4.1 s $prung mass (@nacceleration of
the system. The acceleration pattern is quite nando early 5 seconds before it
becomes a constant sine wave graph with the maximcoeleration is 0.35 nf/s
average acceleration of 0.05 fa/§he random acceleration pattern makes the

passengers feel uncomfortable.
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Figures - Body Acceleration Q@
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Figure 4.1: Passive suspension sprung masg éoceleration

Figure 4.2 shows the sprung masss)(rdisplacement of the passive
suspension system. As mention in the introductartlis chapter, the amplitude of
road profile is 0.05m. The result shows no decrénoéramplitude of the sprung
mass (ng displacement which means that the vehicles bsdsplaced in the same
amount of the road profile. In reality, the passagbsolutely feel the bump on the

road hence it can be describe as uncomfortable.

Figures - Body Displacement Q@
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Figure 4.2: Passive suspension sprung masg ¢(hsplacement
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Figure 4.3 is the suspension deflection that ccauring the simulation

process. The pattern of the graph is similar wiitusg mass (gh acceleration but

the amplitude is different. The same pattern ocbesause suspension deflection is

directly proportional with the sprung mass s(nacceleration. The maximum

deflection of the suspension is 0.008m.

Figures - Suspension Deflection
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Figure 4.3: Passive suspension deflection

Figure 4.4 is the unsprung mass)iisplacement. The amplitude and graph

pattern is similar to the road profile which me#mat the traction force is good.

Figures - Tire Displacement
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Figure 4.4: Passive suspension unsprung masg @msplacement
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In overall, although this passive suspension systenfiguration has good
traction force between the tire and the road, tesy uncomfortable to the vehicle
passengers. This passive suspension system isstffryand not absorbing the
disturbance from the road profile. The passengefinitely can feel the disturbance
as the suspension system did not isolate vehially imm road disturbance very

well.

4.2 Bingham Method MR Damper Response and Char acteristic Results

The result from this simulation process shows tharacteristic of the
Magneto-Rheological damper that is developed bywgudingham method. The
result from this chapter as shown in Figure 4.%igure 4.9 is important as it can
prove that the Simulink diagram of the Magneto-Rbgical damper is correct and
behave as predicted. The actual input for MR damgehe sprung mass {n
velocity but for this simulation, the input is givas a sinus wave. It is because this
simulation is run to check the characteristic antldvior of MR damper. The input
given to the Simulink diagram is a sinus waves \waithplitude of 0.05m and 1Hz
frequency. The results of the simulation then ammmared to the characteristic of
the MR damper that is shown in Chapter 3. Baseu fiee comparison of the graph
pattern, it can be concluded that this Simulinigdaan of MR damper is correct and

can be used as a representation model of the readdmper.

For this simulation process, the MR damper is daesied with different
current values just to show how it increased thapag force. The damping force is
directly proportional with the current given to thHR damper. The current given to
the MR damper starts from 0.25A, 0.5A, 1.0A, 1.5% &nds with 2.0A. Figure 4.5
shows the graph of force vs. time. The graph patteoks like a sine wave but with
boxy edge. This is because the mathematical mbdelis used for modeling is the

simplest one.
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Figure 4.6 in the next page shows the displacewgrtime graph. Although
the current given is increasing but the displacémerequally the same for all

current. The amplitude of the displacement is edaalhe input signal which is

0.05m.
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Figure 4.5: Graph of Force vs. Time
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Figure 4.6: Graph of Displacement vs. Time

Figure 4.7 below shows the velocity vs. time grtapbr this graph, the
amplitude is equal for all current given as in Fed.6 but the graph pattern is in

opposite direction.
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Figure4.7: Graph of Velocity vs. Time
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Figure 4.8: Graph of Force vs. displacement
Figure 4.8 above shows the force vs. displacemeph of the MR damper.

The graph is in a loop similar to its predicted relateristic that is shown in Chapter

3. The loop is quite boxy in shape as this modetusmple mathematical model.
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Figure 4.9 above shows the graph of force vs.cigloThe force increased

MR damper used simple mathematical

model.

dramatically when the velocity is equal to zerot Bie force then increased slowly

at some point. As mentioned before, the graph xy lmthe edge as the Simulink of
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4.3 Semi-Active Suspension with Skyhook Controller Results

The results of semi-active suspension with skyhcahktroller are shown in
this subchapter. It is expected that the resultsserhi-active suspension with
skyhook controller can improve the ride qualityao¥ehicles thus giving passengers

comfort when riding the vehicle.

4.3.1 Finding the best value of Cgy

In the reality, the Gy value is decided by a controller box or the coraput
The controller box or the computer will calculate best Gy, base from the input of
the sensors that can provide the best damping tor¢ee suspension system. For
this modeling and simulation project, theMest value is manually manipulated in
order to get the best results. The range @ Calue is varying and big and it is
impossible to fit all the value tries in this repdrence, only a few selected
value is shown in order to give a clear view of h&kyhook controller controlled the
suspension system. Figure 4.10 to Figure 4.13 shiogvsesults for each parameter

for semi-active suspension with skyhook controller.
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Figure 4.10: Graph of Sprung Mass @rAcceleration vs. Time
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Figure 4.10 in the previous pages shows the spnuass (g acceleration
when the system given the specifig,Gralue. The values of that are shown in
the graph are 1, 5, 10, 15, 20 and 25. From thghgithe acceleration of the sprung
mass (rg is decreasing with each increment of thg @alue. As discussed in the
previous chapter, passengers are more comfortaldevehicle that has low sprung

mass (g acceleration.
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Figure4.11: Graph of Sprung Mass @rDisplacement vs. Time

Figure 4.11 is the sprung masssymisplacement and the amplitude of the
graph is decreasing with the increment gf,@alue. The decreasing of sprung mass
(mg) displacement means that the comfort of the vetpelssengers is increased. The
skyhook controller gives best damping force that elsorb the road disturbance
hence isolate the disturbance from the vehicle body

Figure 4.12 in the next page is the suspensioted®&mn. Suspension
deflection reacts in the opposite of sprung mas$ éeceleration and displacement.
It increased proportionally with thegg value. This is the drawback of focusing
more on comfort when designing vehicle suspensystes.
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Figure 4.12: Graph of Suspension Deflection vs. Time

Figure 4.13 below is the unsprung massg) @msplacement. The graph shows
that the pattern is still similar with passive stisgion system. Small amount of noise

occurs in the negative displacement but it candgpatted.
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4.3.2 Comparison between passive suspension and semi-active suspension with

skyhook controller

The semi-active suspension with skyhook contraksults is then compared
with the passive suspension system results in dodget the best value ofG This
project objective is to increase passengers comvahout sacrificing the traction
force. Hence it is important to select thg,&alue that can achieve the desired
objectives. The &y, value selected must produced lower sprung masg (m
acceleration and displacement but also produce caral eamount of suspension
deflection. After a few graphical comparison, thestovalue of Gy = 15 is chosen.
The value provided the semi-active suspension ahmower sprung mass @n
acceleration and displacement compared to pasgsmersion without affecting the
handling characteristic. The suspension deflectshows improvement as the
average deflection is slightly lower than the deilen of passive suspension system.
Although the suspension deflection is decreased, ¢bmparison of the tire
displacement shows the same pattern which meansrdbgon forces is the not
affected by the new suspension configuration. Egirl4 to Figure 4.17 below
shows the comparison between passive suspensidensyand the semi-active

suspension with skyhook controller wherg,€ 15.

Figure 4.14 in the next page is the comparisonsmfung mass (g
acceleration. The sprung massg)(racceleration for semi-active suspension with
skyhook controller is much lower compared to passiyspension system. The graph
pattern for semi-active suspension did not havedoan pattern as the passive
suspension system. The average amplitude of théaswive suspension is 0.028

m/s’ compared to passive suspension system which Ssri/§.
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Figure 4.15: Graph of Sprung Mass @rDisplacement vs. Time

Figure 4.15 shows the sprung masg) @msplacement comparison. The semi-active

suspension amplitude is 0.04m compared to passgession which is 0.05m.
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Figure 4.16: Graph of Suspension deflection vs. Time

Figure 4.16 shows the suspension deflection comari The semi-active
suspension did not show random pattern in the &aslgconds and amplitude shows

a little improvement compared to passive suspersyetem.
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Figure 4.7 in the previous pages shows the comganéthe unsprung mass
(my) displacement. Both of the suspension system sktosvsame graph pattern but

semi-active suspension has small amount of noiieeimegative displacement area.

In summary, the semi-active suspension with skyhamskroller can
improved the comfort of the vehicle passengers.(sgr= 15, it reduce the sprung
mass (rg acceleration to 0.028 mi/hich greatly increased the passengers comfort.
The sprung mass @ralso reduces by 0.01m to 0.04m although the poafile
given is 0.05m. In real situation, although theigks pass through 0.05m high
bumper, the vehicles body is displaced by only @.0%the suspension deflection
shows little improvement in terms of average amghkt hence improving the traction

force between the tire and the road.

4.4 Semi-Active Suspension with Modified Skyhook Controller Results

The result in this stage of simulation is for tlensactive suspension with
modified skyhook controller. From literature revieivis known that the modified
skyhook controller can improve the semi-active saspon further more compared

to the original skyhook controller.

4.4.1 Finding the best a value

From the Simulink diagram, it is known that the nfied skyhook controller
is an addition to the original skyhook controlletence, the ¢y value used in the
modified skyhook controller is retained as it athgajives the best result for the
suspension configuration. The only parameter tlegida to be fine tune s The
value ofa is manually manipulated like theggvalue as in the reality the value is
automatically determined by the computer box. Fegdrl8 to Figure 4.21 below

will shows some of the value tries f@in the modified skyhook controller.

Figure 4.18 in the next pages shows the sprungs ni@g acceleration
reaction whero value is manipulated. The acceleration shows desné whena

value is smaller.
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Figure 4.18: Graph of Sprung Mass (mAcceleration vs. Time
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Figure 4.19 above shows the sprung mass dieplacement reaction towards
a value. The sprung mass Jndisplacement showed an improvement wheralue

is smaller.



49

Figures - Suspension Deflection g@

Ele Edit W¥iew I[nsert Tools Debug Desktop Window Help N A X
DS k&ae® € 0O BOE =0

w1

1

a=-01

05+

05k b

Suspension Deflection {my)

Time (s)

Figure 4.20: Graph of Suspension Deflection vs. Time

The result of suspension deflection is shown iguf@ 4.20 above. The
suspension deflection shows very little improvemeith the decrement af value
except fora = -0.6. The suspension deflection shows improverben the graph
pattern slowly descends to negative area. Therefiore-0.6 cannot be selected as

the suspension failed to maintain its deflection.

Figure 4.21 in the next page shows the unsprungsni@) displacement
simulation result. The displacement is similariie passive suspension system. The
tire is still holding the road well although thergpg mass (@) acceleration and
displacement is improved. There also less noigaergraph pattern compare to the

semi-active suspension with skyhook controller.
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As stated before, the modified skyhook can furihgsrove the semi-active
suspension system. The sprung mas$ atceleration and displacement is decrease
further more with each decrementcofalue. The smallex value gives better result
of sprung mass (gracceleration and displacement. For suspensidedtiei, the
suspension system is failed whern= -0.6. The unsprung mass Jndisplacement
shows the similar result as the passive suspesggtem which is good. Because the

suspension encounter failure when -0.6,a = -0.5 is chosen as the best value.

4.4.2 Comparison between Passive suspension, Semi-active suspension with
skyhook controller and Semi-active suspension with modified skyhook

controller

The semi-active suspension with modified skyhooktiad results is then
compared to the passive suspension and semi-astispension with skyhook
controller. As mention above, the best valueder -0.5. Figure 4.22 to Figure 4.25
shows the comparison of the passive suspensioamsysemi-active suspension with
skyhook controller and semi-active suspension witddified skyhook controller.
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Figure 4.22: Graph of Sprung Mass (mAcceleration vs. Time

Figure 4.22 shows the sprung masg) @aceleration comparison between the
three suspension configurations. As in the figtine, modified skyhook controller
only improved the sprung mass Jnacceleration a little bit compared to skyhook
controller. However the small improvement is veryam accepted as it still making
the suspension system better compared to passsgerssion system. The sprung
mass (g acceleration for semi-active suspension with riediskyhook controller
now is 0.02 m/s The improvement of sprung masss(racceleration in term of

percent is 60%.

Figure 4.23 shows in the next page is the spruagsnfng displacement
comparison. From the graph pattern, it can be swrmodified skyhook controller
improved the sprung mass Jndisplacement furthermore. The sprung masg (m
displacement for semi-active suspension with medifskyhook control now is
0.027m. It is a big improvement compared to sprovags (ng displacement for
passive suspension system which is 0.05m. In témpeent, the sprung massgm
displacement is improved by 46%. In other words, passengers only feel 54% of
the height of the bumper that the vehicle travaisugh.
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Figure 4.24 is the comparison of suspension defledetween the three

suspension configurations. The skyhook controlled @ahe modified skyhook

controller eliminate the random pattern that octufgassive suspension system.
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53

Figures - Tire Displacement [;]@

Ele Edit W¥iew I[nsert Tools Debug Desktop Window Help N A X
DS k&ae® € 0O BOE =0

006 T T T

Passive

— Skyhook semiactive
Modified Skyhook ||

004+

Tire Displacemeant {m)
[

004

-0.06
0
Time (t)

Figure 4.25: Graph of Unsprung Mass (jrDisplacement vs. Time

Figure 4.25 above shows the unsprung mas$ dmplacement comparison.
The patterns of the graph are basically similahweiach other. The only different is
the semi-active suspension with skyhook contrgliexduce noise in the negative
area. The semi-active suspension with modified s&ihcontroller later improved

the pattern with eliminating the noise back.

In summary, semi-active suspension with modified/hslok controller
greatly improved the passengers comfort withoutmamising the traction force of
the tire and the road. The sprung masg @uoceleration and displacement is greatly
improved compared to passive suspension systemptiowgling greater comfort to
the vehicle passengers. The handling charactersstieceiving small improvement
as the suspension deflection is also decreasede whe# unsprung mass (m

displacement is maintained.



CHAPTERS

CONCLUSIONSAND RECOMMENDATIONS

5.0 Introduction

The purpose of this chapter is to summarize thekwloait has been completed
for this thesis. In addition, the results of tegtwwill be discussed with respect to the
research objectives set forth in Chapter 1. Theptemawill conclude with several

suggestions for future work that should be pursodtis area of research.

5.1 Conclusions

The objective of this project is achieved succdlsfwhere the semi-active
suspension with modified skyhook controller has nowed the passengers comfort
significantly. As discussed in previous chapterrusg mass (@) acceleration and
displacement parameters played large role in pgsseromfort. The sprung massg{m
acceleration now is 60% improved and sprung mas}p dmplacement improved by
46%. The sprung mass {macceleration now is 0.02 m/sompared to the passive
suspension system sprung mass) @aceleration which is 0.05 ri/sThe sprung mass
(mg) displacement now is 0.027m compared to the passispension system sprung
mass (g displacement which is 0.05m. The traction is lb@ing compromised as the
suspension deflection shows some improvement whédetaining the unsprung mass

(mg) displacement.
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5.2 Future recommendations

This project has a lot more potential as thereofoimprovements that can be
done in order to improved the ride quality of a ieeh The recommendations for

improvement as below:

5.2.1 Expand the car modeling from 2DOF quarter car to full car modeling

With expanding the car modeling from 2DOF to fedlr, the vibration behavior
of the car becomes more accurate as the suspesgstem modeling is much more
complicated. The behavior of a car and suspensan e modeled by thoroughly
followed the actual configuration of the vehiclesgansion.

5.2.2 Suspension configuration

The suspension configuration in this project igesy simple and not considered
any angle or other moving part such as lower amuortler to improve the results, the
suspension configuration is modeled by following tteal suspension configuration

such as Mc-Pherson suspension or Double-Wishb@speasion.

5.2.3 Mechanical model formulation of MR damper.

The mechanical model formulation used for thiggxt is the basic of Bingham
Method. As can be seen in the MR damper charatitegsaph, the force, displacement
and velocity is not reasonably expressed. Thuget@ more accurate expression a more
complicated mechanical formulation must be used sag the Bingham method that
proposed by Gamota and Filisco (1991).
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ABSTRACT

The objective of this project is to increase comdrthe vehicle’s passenger. In
order to improve comfort and ride quality of a \@és, there are four parameters need
to be acknowledge. The four parameters are spruags mcceleration, sprung mass
displacement, unsprung displacement and suspemfiaction. This project used a
new approach in designing the suspension systerhw$isemi-active suspension. The
hydraulic damper is replaced by a magneto-rhecébgtamper. A controller is
developed for controlling the damping force of thigspension system. The actual
concept of the controller is fictitious hence thealization model developed. The
controller is called skyhook control. A modifiedyslook controller also developed to
further improve the suspension system. The semieacuspension with modified
skyhook controller reduces the sprung mass actelerand displacement hence

improving the passengers comfort.
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ABSTRAK

Tujuan dari projek ini adalah untuk meningkatkarsdtesaan penumpang
kenderaan. Dalam rangka meningkatkan keselesaammpamg kenderaan, terdapat
empat parameter yang harus diambil kira semasarkaffmpat parameter tersebut
adalah pecutan badan kenderaan, sesaran badamdendsesaran tayar kenderaan dan
disfleksi suspensi. Projek ini menggunak kaedalu lsiam mereka sistem suspensi
kenderaan iaitu suspensi semi-aktif. Penyerap kdntimaulik diganti dengan penyerap
hentak dengan bendalir bermagnetik. Satu sistemaleawdireka untuk mengawal
kekuatan redaman sistem suspensi tersebut. Koresgnar untuk sistem kawalan
tersebut adalah mustahil, oleh itu satu realisagiehdireka. Sistem kawalan tersebut
dinamakan sistem kawalan “skyhook”. Suatu sistemwakan yang diubahsuai turut
direka bagi menambah baik sistem suspensi ters8lstiém suspensi semi-aktif dengan
sistem kawalan yang diubahsuai ini mengurangkanutpec dan sesaran badan

kenderaan. Oleh itu, tahap keselesaan penumpandgrdeam meningkat.
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