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ABSTRACT

This study presents the use of active suspension system using stability augmentation
system in reducing the effects of road surface to the vehicle ride comfort. A control oriented
half vehicle simulation model was developed in Matlab and verify with CARSIM 8 software
simulation. The vehicle model with active suspension and stability augmentation have been
developed in Matlab/Simulink. An investigation of a suitable active control algorithm that
can improved vehicle ride comfort was proposed in reducing unwanted vertical motion of
passenger vehicle when passing a step or bump. The proposed algorithm known as stability
augmentation system (SAS) that is able to reduce the effect of road disturbance, maintains
load-levelling and load distribution during vehicle maneuvers in an ideal case for control
algorithm parameters tuning is presented. Active suspension based on desired force from the
controller and relative velocity between sprung mass and unsprung mass of the vehicle
model and shown to be able to consistently provide the actual force to reduce the vibration
of the vehicle body. The vehicle is tested at different speeds of 40km/h and 100km/h.
Comparison of the simulation results demonstrates the improvement of the vehicle ride
comfort.



ABSTRAK

Kajian ini membentangkan akan penggunaan sistem suspensi aktif dengan
menggunakan sistem pembesaran kestabilan bagi mengurangkan kesan permukaan jalan
terhadap keselesaan pemanduaan kenderaan. Simulasi model separuh kenderaan
berorientasikan kawalan ielah dicipta dan bagi mengesahkan dengan simulasi perisian
CARSIM 8. Model kenderaan dengan penggantungan aktif dan kestabilan pembesaran telah
dibangunkan dengan menggunakan Matlab/Simulink. Penyiasatan algoritma kawalan aklif
sesuai kerana boleh meningkatkan keselesaan pemanduan kenderaan telah dicadangkan
dalam mengurangkan pergerakan menegak yang tidak diingini kenderaan penumpang
apabila melalui permukaan bertangga atau beralun. Algoritma yang dicadangkan adalah
sistem pembesaran kestabilan yang mampu mengurangkan kesan gangguan permukaan
Jjalan, mengekalkan badan kenderaan stabil dan pengagihan semasa pergerakan kenderaan
berdasrkan permukaan jalan mengikut parameter kawalan algoritma telah di bentangkan.
Suspensi aktif akan menghasilkan daya mengikut kuasa yang dikehendaki dari sistem
kawalan dan halaju relatif antara badan kenderaan dan sistem suspensi dan terbukti mampu
untuk mengurangkan getaran badan kenderaan. Kenderaan itu juga akan di wji pada
kelajuan yang berbeza pada kelajuan 40km/j dan 100km/j. Perbandingan hasil keputusan
simulasi menunjukkan peningkatan keselesaan pemanduan kenderaan.
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CHAPTER 1
INTRODUCTION

1.1  Background

Suspension system is an important part to support sprung mass and stabilize vehicle
body from moving upward and downward, from uneven road surface. Spring will absorb
unwanted forces from the road and reduce jolting. meanwhile damper prevent bouncing
upward and downward of the vehicle. That is fundamental operation for passive suspension.
Nowadays, there are three types of suspension system were built by the automotive industry.
Which are passive, semi-active and active suspension systems. The producing of semi-active
and active suspension is to improve the function of passive suspension and driving comfort
on the uneven terrain. Besides that, passive suspension cannot control the spring stiffness
and damper coefficient, in order io decrease the displacement of sprung mass vibration

(Chen, et al., 2014).

() Passive Suspension (1) Semi-active Suspension (III) Active Suspension

[ Boay Body Body

Ry
Force
L‘|u Actuator

Sori

Figure 1.1 Type of suspension system (Chen, et al., 2012)



Passive suspension has a limitation to reduce the motion of the car. only certain
ground surface. For example if the vehicle with passive suspension is driving on the bump
surface continuously, the vibration of vehicle will not reduce and it will bounce until the tire
with flat surface. By this phenomena of continuously bouncing, driver and passengers
comfort and also ride quality of the vehicle body will be worse. Other than that, passive
suspension cannot stabilize the vehicle body during the cornering. For an example, if the
vehicle make comering to the left, the suspension on the left side car will be moving
downward. Passive suspension does not have control system to push the left side of the car
moving upward, if the suspension system on the left and the right side are in the same
position as the result stability of the car body during cornering will be improve.

The effect of the suspension system can be analyse by using simulation, experimental
or both. In this project the effect of suspension system, to the ride comfort of the vehicle will
be analyse using Matlab/Simulink. The parameter of sedan car has been taken as a model for
the simulation. The simulation will be analyse on two type of suspension, one with passive
suspension and the other is active suspension with stability augmentation controller. This
project will use equation of motion for 4 degree of freedom half car pitch plane for sedan
car with passive suspension. The advantage of magnetorheological damper can control the
movement suspension by control damping coefficient according to the vertical force of the
ground to the vehicle (Naik and Singru, 2009). The other benefit of semi-active suspension,
it use less current to control the suspension distance in order to decrease vehicle motion from
bounce upward and downward. Moreover, semi-active can be work as passive suspension if
the control cannot be use or not function (Luo, et. al., 2010), the vehicle motion still can be

reduce.

1.2 Problem Statement

Vibration from the vehicle body could make driver and passengers feel not comfort
and loose stability of the vehicle body. If the vehicle stability does not control, while vehicle
want to make cornering it will increase vehicle body roll. If the roll of the vehicle body
increase, the probability to accident is high. Ground terrain also will affect the vehicle
stability, because passive suspension only can absorb the vibration at certain ground surface,
depend on the passive suspension pararneter. If the vehicle move on the long bump surface.

the vehicle body will be continue bounce and will stop until the wheel move on the flat road



surface. Passive suspension cannot control the damper coefficient and/or spring stiffness to
absorb vibration, this will effect the vehicle body motion(Campos, et al., 1999). Passive
suspension does not have sense that can detect the vehicle motion in order to produce force
to stabilize the motion.

Suspension system with stiff and harsh will affect the passenger comfort, while
suspension system softer it will affect the road handling of the vehicle. This problem can be
solve by using active suspension system, it can control the movement of the suspension. This
system can reduce the vehicle body vibration and improve road handling. However, active
suspension require high current to operate the system in order to stabilize vehicle body
motion. It also use high cost for the maintenance, because the active suspension is fully
control system.

[f the system controller for the active suspension failure, the suspension work will be
unstable (Luo et al., 2010). This is study is to improve ride comfort of vehicle during
bouncing by using active suspension. Besides that, control strategies of active suspension
with stability augmentation system controller will be developed to reduce the vibration of
the vehicle body.

1.3  Objective
The objectives of this project are as follows:
1.  To improve ride comfort of vehicle.
. To develop a control strategy for active suspension with stability augmentation

system.

1.4  Scope of Project
The scopes of this project are:
i.  The vehicle parameter of D-class sedan car half car model is selected.

ii.  This study only focus on ride analysis of the car model.



1.5 Summary

Passive suspension cannot be adjusted or controlled the movement of the suspension
to stabilize the vehicle body motion. Active suspension system with stability augmentation
system have been used in this project to study the effect of the stability control on the
suspension system. Since, active suspension system can control the vehicle body movement
upward and downward or reduce the vehicle body displacement. So. the vibration of the

vehicle motion can be reduce, as it can produce force to control vehicle body stability.



CHAPTER 2

LITERATURE REVIEW

2.1  Introduction

This chapter presents, the advantage of active suspension, vehicle stability test
simulation, type of semi-active damper, and followed suspension controller in active
suspension technology. An overview of current works and research among the researchers

1s also presented.

2.2 Vehicle Suspension System

Suspension have been use in the vehicle system, to support the weight of the vehicle
and also reduce vibration in the vehicle body. Suspension can be divide into two type.
dependent and independent suspension system. Dependent suspension usually use in
commercial vehicle. for example lorry and bus. Dependent suspension is common use in
commercial vehicle because it can support high weight or load. The example of dependent
suspension is leaf spring, the combination of flat plate can support large area and weight of
vehicle load. The disadvantage of dependent, 1t will affect the other side tire if the tire rolling
on the bump road surface. The advantage of independent suspension, the other tire will not
bounce if the tire on the other driving drive on the bump surface. The main of the suspension
system are spring, shock absorber, strut and tire of the vehicle. Besides that, there type of
suspension system, that use in the vehicle suspension. The suspension system are passive.

semi-active and active suspension system.

2.2.1 Passive Suspension System

Passive suspension are common use in the vehicle suspension system, because of
simple and low cost of production than semi-active and active suspension system. However,
passive suspension can control the movement of the suspension system according to the
ground terrain (Chen, et al., 2014). Vehicle passive suspension with low hard suspension
will reduce the vehicle passenger comfort. Besides that, if the vehicle use soft suspension it

will give ride comfort but poor road handling (Ikenaga, et al, 2000). Passive suspension is



the suspension that did not have any controller that can adjust the movement of the spring

and shock absorber.

BODY-Ms be1

Figure 2.1 Schematic diagram for passive suspension (Paulides J. J. H. and Lomonova E.
A.. 2006)

2.2.2 Semi-active Suspension System

Suspension provide good handling and braking for safety driving and also reduce
bump and vibration from the ground terrain. Semi-active suspension provide better vehicle
stability than active and passive suspension. Semi-active suspension can act as passive
suspension if the controller not function. But, active damper would be unstable if the
controller cannot be use (Luo, et al., 2010). Besides that, (Chen, et al., 2014) wrote that semi-
active can provide suspension control of spring stiffness and damping coefficient. Other than
that, semi-active suspension time to react with the vehicle body vibration is less than 100
milliseconds. Semi-active suspension can provide harder and softer damping limit according

to the ground terrain (Qazi, et al, 2013).
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Figure 2.2 Schematic diagram for semi-active suspension (Raj A. and Rajamohan V.,

2016)

2.2.3 Active Suspension System

Active suspension function is to isolate the vehicle body from wheel vibration by the
ground terrain. Besides that. fully active suspension system are control by electronic system
to control the vehicle body condition. Then. the vibration from the ground terrain will be
directly control motion by electronic device of active suspension system. The suspension
system is good to isolate the vehicle body motion. However, the installation and maintenance
of the active suspension are quite expensive (Turnip, et al., 2008). Other than that, if the
electronic control system in the suspension does not work, the active suspension will be
unstable because of electronic system cannot control the movement of the suspension (Luo.
etal., 2010).
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Figure 2.3 Schematic diagram for active suspension with controller (Yahia E., 2016)

2.3  Semi-active Damper in Vehicle Suspension System

There are two common semi-active damper that are usually use as damper for semi-
active suspension system. One is magnetorheological (MR) damper and the other is
electrorheological (ER) damper. Moreover, time taken for magnetorheological and
electrorheological damper to respond with the vehicle vibration at 40ms, force can produce

by the semi-active damper is large range and low cost (Vivas-Lopez, et al, 2015).

2.3.1 Magnetorheological Damper

Magnetorheological damper also semi-active damper that isolate vibration of
suspension system and also building structure. Besides that, MR damper reaction depend on
the current input. By the current input flow to the MR damper, it will adjust the suspension
distance and isolate the vibration of the vehicle body (Mori, et al., 2007). Compare with
electrorheological damper, use of electric current to operate the suspension system is less.
Magnetorheological damper able to change the fluid in the damper become solid and semi-
solid within millisecond when current flow to the MR damper and control the magnetic fields
(Naik and Singru, 2009). Besides that, (Lozoya-Santos, et al, 2012) also said that, electric
current that flow in the damper will produce magnetic field, which will modifies damping
ratio by control oil viscosity in the damper. The liquid form will be solid according to the

current supply to the suspension system.
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Figure 2.4 Suspension with MR damper (Mori, et al., 2007).

From Figure 2.5 magnetorheological damper operation are when current supply to
the damper it will produce magnetic field, which is make iron particles change into linear
chain parallel to the field. This will phenomena will solidify iron particles with respect to
the vehicle vibration motion. Besides that, MR damper can control the force for suspension

system continuously, good response and less power consumption (Kasemi, et al., 2012).

WO Tl Appied field

Figure 2.5 Transformation iron particle MR damper (Kasemi, et al., 2012)



2.3.2 Electrorheological Damper

Electrorheological (ER) damper also common semi-active damper that is use with
the semi-active suspension system. In the electrorheological damper, flat plate will be
forming by two electrodes with electrorheological fluid flow through in the damper
(Holzmann, et al. 2006). By flow of the electric current, the viscosity of the
electrorheological fluid will be increase and then will adjust the suspension expand
according ground terrain. Electrorheological damper have been propose in the rear car
suspension to improve the driving performance from bump and ground terrain. But, the fluid
in the electrorheological damper are quite expensive (Choi and Kim, 2000).

ER ¥alve laminar
\ damping orifice

chamber 2 gis
f

e —

cheek valve T
hydraulic aceumulator

Figure 2.6 Cross section of ER damper (Holzmann, et al., 2006)

2.4  Suspension Controller

Semi-active suspension have several type of controller in the suspension to control
the suspension movement in order to stabilize the vehicle body. Also to improve ride quality
and passenger comfort. The controller reduce vertical force from ground or road disturbance
to the vehicle body. While the current flow to the suspension system, the controller will

stabilize the vehicle body according to road bump condition.

2.4.1 Proportional-Integral-Derivative (PI1D)

The control structure for the PID (Gaur, 2013) in the Figure 2.7, it have three separate
parameters. The combination of three parameter will adjust the control element in the
suspension system and reaction of PID control depend on rate of error change. The error
input signal will be sent to PID controller, the derivative and integral will be compute from
the error signal. After that, the output from PID will transfer to the system or process and
produce new output. This output will be sent to the sensor again in order to obtain new error

signal, the process will continue as close-loop system.

10
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Figure 2.7 Control structure of PID (Gaur, 2013)

From simulation result of (Kasemi, et al.. 2012) in the Figure 2.8, fuzzy-PID
controller give better passenger comfort than PID and passive suspension system. Besides
that, the peak reduce at 68% than PID controller at low frequency. And about 83% peak
reduce from the passive suspension. From the result, the improvement are quite high than

PID controller on the suspension system.
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Figure 2.8 Controller response (Kasemi et al., 2012)

Other than that, (Hanafi, 2010) have make simulation on PID, Pl and PD. By refer 1o
controller parameter Table 2.1, quarier car suspension system with PID give better
performance than other. PID also could reduce bounce effect to the vehicle while hit and
after bump. PD controller cannot be used to reduce the vehicle motion according to the small

parameter.

11



Table 2.1 Controller parameter (Hanafi. 2010)

Parameter Type of controller
PID PI PD
Kp 0.1211 2.970 0.00001
Ti 0.0980 0.105 o
Ta 0.1200 0 0.0000001

By referring to the Table 2.2, PID controller have been use with active suspension.
PID controller have been reduce the percentage overshoot for car body acceleration.
suspension travel and wheel travel. This result show that PID controller with active

suspension can reduce the percentage of overshoot and improve ride quality.

Table 2.2 Reduction of percentage overshoot values for step road input (Ahmed S., et al.,

2015)

No Parameters | Passive Active Reduction
(passtve—
active
[passtve )
100 %

2 Car body 2m/s’ 0.55m/s* | 72.5%

acceleration

3 Suspension | 0.052m 0.0281m 46 %

— travel

4 Wheel 0.0491m 0.0186 m 62.11 %

travel

2.4.2 Linear Parameter-Varying (LPV)

Two type vehicle ride model, which are full-vehicle and quarter-vehicle with LPV
controller have been used in the (Fleps-Dezasse and Brembeck, 2016) to compare the result
with skyhook controller and passive suspension. From Figure 2.10, LPV controller for both
full and quarter vehicle the optimum ricle comfort are almost same and better than skyhook
controller. Besides that, LPV controller also can provide more road holding about 5% than

skyhook controller.

12
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Figure 2.9 Result: LPV and skyhook (Fleps-Dezasse and Brembeck, 2016)

Besides that, LPV compare with: frequency estimation-based controller (FEBC) and
passive suspension have been study by (Morales-menendez, et al., 2011), by refer to the
Figure 2.11, the comfort performance improvement of LPV and FEB controller 0-10Hz than
passive suspension system. The amplitude at 160mm and frequency of 0.2Hz for bump to
evaluate the control system. By referring to the Figure 2.12, the LPV controller is soft
deflection of the suspension and safe than FEB that produce harder damping. From the result
also LPV controller amplitude is beyond FEB and passive suspension. However, FEB
controller meet the comfort requirement, LPV and passive suspension are limit for

uncomfortable condition.

13
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Figure 2.10 Suspension performance comparison (Morales-menendez, et al., 2011)
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Figure 2.11 Sprung mass acceleration (Morales-menendez, et al., 2011)
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2.4.3 Skyhook

Skyhook controller with MR damper have been study (Do, et al., 2010), from the
simulation result it find that, skyhook controller will provide good damping rate at the second
peak with hard MR damper. Mixed skyhook efficient as soft MR damper with low rate of
damping. From the Figure 2.13 the most efficient controller and good damping rate is
skyhook-add with MR damper.

e Soft MRD

——Hard MRD

- &~ Nonfinear Passive RMC Damper

u =@ Sky=hook lor MED-B

o e ADD for MRD-B

w12 Sky-hook & ADD for MRD

e 4

Acceleration (imfs™)

la

Figure 2.12 Acceleration at 0.01m step input (Do, et al., 2010)

Besides that, the passenger comfort have been improve about 17% by skyhook and
ADD and soft MR damper can be achieve this improvement. The improvement passenger
comfort, will be also improve the vehicle ride quality. The vehicle vibration can be reduce
by using skyhook and ADD. By refer to the Figure 2.14, the performance of hard

magnetorheological damper is worst performance for the vehicle suspension system.
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Figure 2.13 Performance comparison (Do, et al., 2010)

2.4.4 Stability Augmentation System (SAS)

Full vehicle of active suspension system (Ikenaga, et al, 2000) the controller system
same as SAS of aircraft. The vehicle heave, pitch and roll acceleration have been improve
by the active damper at low and high frequencies, by refer to the Figure 2.15, the active
damper improve the passenger comfort than passive suspension. Besides that, the vibration

of the vehicle have been reduce by using the active damper controller.
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Figure 2.14 Low frequency and high frequency (Ikenaga, et al, 2000)
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Besides that. half vehicle active suspension system by (Campos, et al., 1999) with
controller system same as SAS used in aircraft. The vehicle heave and pitch acceleration
have been improve by using active controller at low frequency. By refer to the Figure 2.16.
the active damping with skyhook controller provide better vehicle isolation than the other
controller. The amplitude of pitch acceleration with road disturbance by the active damping
and skyhook is much reduction than passive suspension system. From the result, the heave
acceleration with road disturbance, have been reduce by applying active damper and

skyhook controller in the active suspension system.

Heze Accsierglion with road distumance g =6 mdisec & Prcn Accesergtion Wi mad dstutance heg. =5 d'sec

Figure 2.15 Simulation result for wr = 6 rad/s (Campos, et al., 1999)

The control structure for stability augmentation system with semi-active suspension
have been develop by referring to Figure 2.17 ((Harun, et al., 2014). The controller in
stability augmentation system, attitude and ride controller. Attitude is to control the heave

and pitch motion and ride control is effect to the road disturbance rejection.
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Figure 2.16 Control structure for stability augmentation system (Harun et al., 2014)

2.5 Summary

In this chapter, the vehicle suspension system have been reviewed. from conventional
suspension or passive suspension, active and semi-active suspension. From the previous
study there are many type of controller have been done on automotive suspension system.
For example, proportional integral derivative (PID), linear parameter varying (LPV).
skyhook and stability augmentation system. By using stability augmentation system with
active suspension with ride control and attitude control it will reduce the vibration of the
vehicle body. Active suspension system with stability augmentation system will be used in

this study with half car ride model.
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CHAPTER 3

METHODOLOGY

3.1  Introduction

Vehicle model can be study the pitching, rolling and also stability of the vehicle body
by using Matlab, CARSIM and Adams software. Furthermore, vehicle dynamic model was
developed by using mathematical equations in order to run the simulation in the Matlab
software. The mathematical equations for the vehicle can divided into three main part, first
is quarter car, half car and full car ride model. Quarter car ride model or two degree of
freedom (2-DOF) is the combination of sprung mass and unsprung mass for quarter car
suspension system either right, left or front and rear of the vehicle suspension system.
Besides that, the combination of semi-active suspension with stability augmentation system
was developed to control the vibration of the vehicle that effect the ride comfort to the driver
and passenger while on the ground terrain. Road input has been use in this study which is

step input and sine-wave test.

3.2  General Simulation Setup

In the beginning of this study, a fundamental and previous study on vehicle
suspension has been reviewed. The type of suspension such as passive, semi-active or active
suspension system and the controller used, such as proportional-integral-derivative (PID),
skyhook or linier parameter-varying are also discussed. The mathematical equation are
derive based on Newton’s second law from the half car vehicle model. The vehicle model is
then verified with the CARSIM model. to compare the response of the Matlab and CARSIM
simulation models. If the result for Matlab and CARSIM are same or nearest it is accepted
that the derivation of the vehicle model is accepted and can be continue with the next step.

After verify the simulation result, the passive suspension vehicle model have been
combine with stability augmentation system (attitude and ride control). The stability
augmentation system it will be used three different type of controller. The suspension system
will be control with attitude controller, ride controller and combination of attitude and ride

controller. Then, from the simulation result of active suspension with SAS controller, it will
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be analysed to identify controller that give the big impact to reduce vehicle body motion and

ride comfort.

Derive the mathematical
equation

v

Develop the vehicle
model in Matlab

v

Run the simulation of

passenger car D-class in
Carsim

-

y

No

Verify
Matlab and
Carsim

Yes

Active suspension with
SAS controller

v

Result passive and active
suspension with SAS
controller

v

Report

v

Figure 3.1 Flow chart of the methodology
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33

Modelling Assumptions

Mathematical equations is important in developed the vehicle model before running

the vehicle model with it parameters. There are several assumptions were made in

developing the vehicle model, due to lirnitation of the software.

ii.

V1.

34

34.1

The vehicle mass is lumped into a single mass as sprung mass.

Aerodynamics lift and drag forces, as well as tyre rolling resistance on the road
surface are negligible.

The pitch axis for ride model is at the center of gravity.

The vehicle remain on the ground at all times, which is the front and rear tyre
never lose contact with the ground while maneuvering.

The deflection in pitch are small and it was simplified with small angle
approximation.

The tyre for the vehicle model is simplified as linear spring constant without

damping.
Equation of Motion Development

Ride Model

The ride model for half car has been shown in Figure 3.2, mathematical equations

will be carry out from the half car vehicle ride model sprung mass and unsprung mass

information. A half-vehicle suspension system is represent as four degree-of-freedom

system for half car ride model. The system include the sprung mass and unsprung mass,

which is rear and front suspension and wheel. The suspension system between vehicle body

and wheel are modelled as linear viscous spring and damper element. Then, tire are modelled

as spring without damping. The deflection of pitch are small and simplified with small angle

approximation.
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Figure 3.2 A 4-DOF vehicle ride model

From Figure 3.2 the vertical displacement and the vertical velocity for the sprung mass are
given by;

Vertical displacement

Front wheel

be = Zb - I,sm& = Zb s {fg (3.1)
Rear wheel
Zbr = Zb s l,-sin& = Zb =} lrg (3.2)

Vertical acceleration

Front wheel

Zpy = Zyp— lpsin = Z, — 1,8 33)
Rear wheel
Zye = Zyp+ lLsind = Z,+ 1,8 (3.4)

By using Newton’s second law and using the static equilibrium position. The equations of

motion can be;
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The equation of motion for heave is

MyZp + Cor(Zor = Zun) + Ker(Zor = Zur) + Cop(Zop = Zog) + Kop (Zog = Zug) = f; =
=0

Zy = ;:;['* Cor(Zor = Zur) = Ksr (Zir = Zu) = Cop (Zpy = Zuwy) = Kop (Zoy = Zuy) +
fr+ £l (3.5)
Substitute the value of Zj,, Z, Zprand Z,, 7 into the equation (3.5).

Zy =Mib[— Cor(Zp + 10— Zyy) = Ko (Zp + 1.0 = Zyy) = Cop (2 — 1,6 = Zyy/) —

Kr(Zo = 1,8 = Zyy) + fr + ;] (3.6)
The equation of motion for pitch is

1o = L [Cop(Zp — 10 = Zoup) + Ksp (Zy — 1,0 — Zoyp)| = L[Cor(Zp + 16 = Z,y) —
é =}1;[I,[Csf(zb = Ifg —wa) i st(zb = Ifg - wa)] = zr[Csr(Z.b + tre = Zwr) +
Ksr(zb + L6 - Zwr)] AV "'fff + lrf;] (3.7
By applying Newton’s second law on the front and rear wheel unsprung mass, the equation

of motion can also be formulated as

Front wheel

wafwf i sf(zbf = 'w‘r) e st(zbf “k Zwr) + th(zwf _' er) th =9

Zys= %M[Csf(z.b[ = Zyp) + Kop(Zoy = Ziwy) = Kip(Zuy = Zop) = f7] (3:8)
Substitute the value of Z,,; and Z,s into the equation (3.8)
Zir= M—‘—M (Csr(Zy = 1,6 = Zyyp) + Ksp(Zy — 1,0 = Zyyp ) = Kop(Zys — Zyp) — £71 (3.9)

Rear wheel

erzwr e Csr(zbr = Zwr) = Ksr(zbr (i Zwr) 3 Ktr(zwr i3 er) + fr =0
Zwr = "M'l;; [Csr(zbr = Zwr) + Kgr(zbr - Zwr) 2 Kcr(zwr = er) = fr] (3-10)
Substitute the value of Z,,and Z,,and into the equation (3.10).

= M—lw:[cs,,(z',, + L0 =2y,) + Key(Zp + 1,0 = Zypy) + Kep(Zoyy — 200) — f;] (3.11)
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From the mathematical equation passive suspension of half car ride model,
Matlab/Simulink was developed to verify the result of Matlab and CARSIM. Furthermore,
verify between Matlab and CARSIM, to make sure the mathematical equations for half car
ride 1s right and accepted to use in this study. Besides that, after verify between CARSIM
and Matlab have been made, the passive suspension half car model will be test with two
different input first step input test and sine-wave test.

Then, vehicle suspension model will be test at three different speeds at 40km/h and
100 km/h. Besides that, there are two road input that are used in this study which is step
input and sine-wave road input. Then, for the sine-wave road input it will run at frequency

of 1Hz. From the Figure 3.3, it is the passive suspension system for half vehicle model.

IS a | el Ll 85
L A = ooy - - 1;_:'

oy Sk i af £
S M = 19
) - IH r b bl j
M| . ¥ T : » w2kl "
\_l : gl ot = 3
A =
o A
=
0
-

Figure 3.3 The half vehicle model subsystem Matlab/Simulink
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3.5 Validation of the Passive Vehicle Model

3.5.1 Vehicle Parameters
The vehicle parameters used in this simulation shown in Table 3.1 are based on
vehicle suspension system parameter in Campos et al., (1999). This parameter will be used

throughout the study involving passive and active suspension system.

Table 3.1 Passenger car parameters

Parameter Numerical Value
M, 1500kg
M,,, 59kg
My 59kg
Kss 35000N/m
Ker 38000N/m
Kis 190000N/m
Ker 190000N/m
Csr 1000N/ms~*
Cor 1100N/ms™?
Iy 2160kg.m?
ly ' ' 1.4m
[, 1.7m
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3.5.2 Matlab Model Description and Simulation
From the Figure 3.4 it shows the subsystem developed from equation of motion in
Matlab/Simulink environment. There are 4 sub-system for the half car model, from vehicle

model there is subsystems of body pitch motion. heave motion, vertical motion for front and

rear wheel of the vehicle.

Figure 3.2 Simulation model of half vehicle model Matlab/Simulink environment

3.5.3 Verification of Half Vehicle Model in Matlab with CARSIM Software

From the four subsystem of the vehicle model of heave motion, body pitch motion.
vertical motion of front and rear wheel, compress it become one subsystem. The input for
the subsystem are ground elevation of front right and rear right of vehicle from the CARSIM
data simulation. Then, the output for the subsystem are vertical acceleration and pitch angle
of the vehicle body from the CARSIM. The result from vehicle model Matlab/Simulink will
be compared with CARSIM result. The model verification was performed for a period of 20
seconds in CARSIM.
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CARSIM 8 is the version for full vehicle simulation, and D-class sedan has been
selected for the study as shown in Figure 3.5. After the vehicle selected, the simulation model
is running on bounce sine sweep test. There are two results generated from the simulation
which are the video for vehicle simulation and the other is plotting graph for the ground
elevation, pitch angle and vertical acceleration of vehicle body. The results of ground
elevation, vertical acceleration and pitch angle of vehicle body are shown in Figure 3.6, 3.7
and 3.8. The dynamics behavior of a vehicle obtained from CARSIM will be used as the

benchmark in verification the Matlab model.

BuiMehModel PSS | aimale| | Ot
_Poxt " Cmseakseona - ﬁil— = N e
e e eyt

Figure 3.3 Simulation model of D-Class sedan car CARSIM
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Figure 3.5 Simulation CARSIM vertical body acceleration
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Figure 3.6 Simulation CARSIM pitch angle vehicle body

3.5.3.1 Model Verification of Vehicle Dynamics

The verification between CARSIM and Matlab/Simulink are to ensure that the
subsystems for the vehicle model in the Matlab/Simulink is correct and can be used in this
study. If the result are not with CARSIM. vehicle model need to be checked. Figure 3.8,
shows the subsystem for half car model. it has two inputs and outputs for the subsystem.

data_thets mat
ToFik2
e wi(ed
From Fike2 Gato From thela
e pd——
From File Gotol From1 zbdolddl
Aol
data_zbdotdol mat

Figure 3.7 Simulation subsystem Matlab/Simulink verify with CARSIM



From the simulation in Matlab/Simulink, the result for pitch angle and vertical
acceleration of vehicle body are shown Figure 3.9 and 3.10. The graph between CARSIM
and Matlab are quite same, which are the blue line for Matlab and red line for CARSIM. The
pattern of the line is almost the same and has a small different at certain time. By referring
to the Figure 3.9, the first amplitude for CARSIM is around 1.391 degree and the first
amplitude for Matlab is around 1.273 degree. The different between first amplitude for
CARSIM and Matlab about 0.118 degree. Then, for the second amplitude is 1.591 degree
for CARSIM graph and 1.501 degree for Matlab pitch angle. The different between Matlab
and CARSIM second amplitude is 0.09 degree. Which is the different between Matlab and
CARSIM become smaller at time between 175 and 20s.

Pitch angle
2 L] T L]
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3
5 05t -
)
o
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Time, s

Figure 3.8 Verification of pitch angle
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Figure 3.9 Verification of vertical acceleration vehicle body

Besides that, for Figure 3.10. the graph trend between CARSIM and Matlab is almost
same at time 2s to 205. The first peak for CARSIM is at 0.001459 m/s? and for Matlab is
at 0.001568 m/s?. The different between this two peaks is 0.000109 m/s?, which the peak
for Matlab much higher than CARSIM. Then, the second amplitude of CARSIM is at
0.005944 m/s? and for Matlab is at 0.005754 m/s?. The different between this two peaks
is about 0.00019 m/s%. The different between Matlab and CARSIM graph trend still same
even there is small different amplitude at certain time.

Since, the graph trend for pitch angle and vertical acceleration for CARSIM and
Matlab is almost same, the vehicle model subsystem in Matlab build from the mathematical
equations is accepted. Then, the vehicle model subsystem in Matlab can be used to make

subsystem for active suspension.

3.6  Active Suspension Vehicle Model

Active suspension system have use in this study, to study the impact of active
suspension system to the ride comfort of the vehicle. Active suspension is different with
passive suspension system, which is passive cannot control the unwanted movement of the

vehicle body. But, active suspension it will produce force that will control the movement of
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the vehicle and reject vertical force that produce while the tire move on the road or ground
terrain. Active suspension is controlled using stability augmentation system (SAS) controller
in controlling an attitude and ride quality of the vehicle.

Figure 3.12 is the subsystem and vehicle model for active suspension system. The
outer loop are attitude controller and the inner loop are ride controller for stability
augmentation system. Outer loop controller or vehicle control is used to compute the ideal
target force to cancel out unwanted vibratory motion of a vehicle. Inner loop control or

actuator control is used to control the actuator in such a way that the target force.
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Figure 3.10 Active suspension system with stability augmentation system

3.6.1 Input Decoupling Transformation

From the heave control and pitch control equation, transform it into matrix form as
a = cb then rearrange it become ac™* = b. Forthe ¢~ = ¢" (cc™) ™2, transpose the ¢ matric
first before continue with the other step. Finally, get the equation for f; and f., then transfer
it into MATLAB for Simulink the semi-active suspension. Figure 4.2 show the Simulink
block diagram for the input decoupling transformation. For the front suspension and rear
suspension, pitch and heave equivalent forces can be decoupled by equation (3.12) and
(3.13).
fz = fr + fr = heave control (3.12)
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fo = —afy + bf. = pitch control (3.13)

Then, from the heave and pitch force in equation (3.12) and (3.13) express it, in matrix form.

] [_a H ] (3.14)

From the equation (3.14), transfer the matrix c to the left with matrix a. Then, equation (3.15)

is the formula for the inverse of matrix ¢.

e el £ (3.13)
~ 11 &

b [—a b] (3.16)

Then, transfer matrix ¢ to the lefi, to be inverse of matrix c. Make transpose of matrix c as

in equation (3.17).

%
Then, multiply matrix ¢ with matrix ¢ transpose (¢”), as in the equation (3.18).

=2 [ 518 (3.18)
o, :_laxxll-:_lbxxll -}axx_f:-{-lbxxbb (3.19)
v :—a2+ b ;a:bg (920

After, get the matrix for ¢¢” , inverse the matrix from equation (3.20) to get the equation
(3.21).

. —a+b .
(cc” 1—[ a+b a®’+b? 7 (3.21)
T™V-1 — 1 a’+b* —a+ b] )
(ec™) (a?+b2)(2)—(-a+b)(—a+b) | —q + b (3.22)
Then, equation (3.22) is the inverse of cc”,
Ty — 1 a’?+b* a-»b
(cc™)™ = o ik ] (3.23)
P e e L ¢ 1 a? + b* —a+b]
e e’y == 11 b1 (a?2+b2)(2)—(—a+b)(—a+h) [_a +b (3:24)
Equation (3.25) is the matrix for ¢” (cc™) ™2,
B, 3
la+b  a+b,
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= (o) == [b ‘1] (3.26)

Then, the equation (3.27) is the input of decoupling for 4DOF suspension for pitch.

] L ‘1][ ] (3.27)

From equation (3.28) and (3.29) transfer it into Simulink with stability augmentation

system.
fr =;,;[ fz — fal (3.28)
m[ fz + fol (3.29)

input decoupling

Figure 3.11 Block diagram for the input decoupling transformation.

Input decoupling use in the Simulink is to adjust the height of the suspension or force
produce by the suspension in order to stabilize the vehicle during cornering or on the bump

road surface. It will process the controller input before goes to half car subsystem model.

3.6.2 Road Input for Simulation

Passive and active suspension will be run on two type of road input, one is step input
and the other one is sine wave input. Since, the vehicle will be run on two different at
40km/h and 100km/h. Front tire will be hit the road input first and then the rear tire will
hit the at certain delay time. Then, to find time for rear tire hit the road input, it can be
calculated by using velocity equation. For the sample calculation of time delay for rear tire

at speed 40km /h can be referring at appendices.
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3.7 Summary

A half vehicle model 4-DOF has been developed and mathematical equations has
been derived based on Newton's second law. The verification of half vehicle mathematical
model with CARSIM model were implemented. It can be said that the model is valid due to
the trend of the model response is closely similar magnitude of CARSIM and Matlab graph.
It can be concluded that the half car model developed is realistic to use for further

investigation.
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CHAPTER 4

RESULTS AND DISCUSSIONS

4.1  Introduction

This chapter discusses the results of passive and active suspensions simulation. For
the active suspension with stability augmentation system, it was controlled with three
different controllers, which are attitude control. ride control and combination of attitude and
ride controls. The vehicle are tested on two different road surfaces which are step and bumpy
road. For each road condition vehicle are sets at a different speed limit of 40km/h and
100km/h. The simulation results will be evaluated and discussed the vertical acceleration

and vertical displacement of the vehicle body.

4.2  Passive Suspension

The simulation will be run in different speed at 40km/h and 100km/h and also road
input for simulation are step input and sine wave. The results of passive suspension will be
compared with active suspension system to reduce the vibration and improve the ride

comfort.

4.2.1 Step Input Road Condition
The height for the step input is at 0.05m, and the vehicle hit this step road surface at
the speed of 40km/h and 100km/h.

4.2.1.1 Vehicle Speed at 40km/h

From Figure 4.1 and Figure 4.2, it shows the simulation result of vertical body
acceleration and vertical body displacement for passive suspension. Figure 4.1, it show that
when the vehicle is driven with speed of 40km/h on the uneven road surface, the vertical
body acceleration is around 2.274m/s* at 1.037 sec. Besides that, the vertical body

displacement will move upward about 0.08844m at time 1.53 sec.
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Figure 4.1 Vertical body acceleration step input at 40km/h

Vertical body displacement

0.08 T T

\X‘. 1.53 input
ka1 || Y:0.08824 —

e
(=]
-
T

L

o

(=]

(=]
T
i

°o o o
(=] (=] =]
(7% I n

-
=
/
!
1 i

g

(=3

M
T

i

i

0 1 2 3 4 5 ] 7 8 9 10
Time, s

b

Figure 4.2 Vertical body displacement step input at 40km/h
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4.2.1.2 Vehicle Speed at 100km/h

Figure 4.3 and Figure 4.4, it shows the simulation results of vertical body
acceleration and vertical body displacernent for passive suspension system. From Figure 4.3,
the vertical body acceleration is around 2.272m/s’ at time 1.037 sec when vehicle driven at
speed 100km/h with step input height 0.05m. Besides that, from Figure 4.4 the vehicle body
moved upward about 0.09003m at time 1.504 sec, which is effect the ride comfort of the

vehicle.
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Figure 4.3 Vertical body acceleration step input at 100km/h
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Figure 4.4 Vertical body displacement step input at 100km/h

4.2.2 Sine Wave Road Condition
The height for the sine wave input is at 0.05m and frequency equal to 1Hz. The
vehicle hit this bump at the speed of 40km/h and 100km/h.

4.2.2.1 Vehicle Speed at 40km/h

By referring to Figure 4.5 and Figure 4.6, it shows the simulation results of vertical
body acceleration and vertical body displacement for passive suspension system. From
Figure 4.5, the vertical body acceleration is around 0.7437m/s* at time 0.2222 sec when the
vehicle driven at speed 40km/h with sine wave input height is 0.05m. The vehicle body will
moved upward about 0.07393m at time 0.7025 sec, this will make the vehicle body moving

upward and downward and will reduce the vehicle ride comfort.
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Figure 4.5 Vertical body acceleration sine wave input at 40km/h
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Figure 4.6 Vertical body displacement sine wave input at 40km/h
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4.2.2.2 Vehicle Speed at 100km/h

Figure 4.7 is the vertical body acceleration for passive suspension with speed of
100km/h, the first amplitude for the sine wave input is 0.8478m/s?, while Figure 4.8 is the
vertical displacement is around 0.07562m at time equal to 0.6667s. The vehicle body moved

upward about 0.02562m and continue moving upward and downward.
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Figure 4.7 Vertical body acceleration sine wave input at 100km/h
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Figure 4.8 Vertical body displacement sine wave input at 100km/h

4.3  Active Suspension with Stability Augmentation System

For active suspension, it will be controlled by stability augmentation system, to
reduce the vertical vehicle acceleration, vertical body displacement and also improve the
ride comfort. The stability augmentation system consists of attitude and ride controllers, and
the simulation will be performed in three condition which are attitude, ride and combination

of attitude and ride.

4.3.1 Step Input Road Condition

This part will discuss on the result from attitude controller, ride controller and
combination of attitude and ride controller. At vehicle speed of 40km/h and 100km/h, and
the step input height is 0.05m and time for the simulation is during 10s.

4.3.1.1 Vehicle Speed at 40km/h

Active suspension system has been control using stability augmentation system. The
controller has been tuned to get the optimum peak that can reduce vibration on the vehicle
body. Table 4.1 is the fine-tuned numerical gain values of the controller parameters for the
attitude control, ride control and attitude combine with ride control. The result from each

controllers are compared. For attitude and ride controller, it begin by controlling attitude
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control parameter and follow by tuning the parameter for ride controller. The graph

sensitivity for controller parameter can be refer in appendix.

Table 4.1 Numerical value of controller parameter step input at 40km/h

Controller Controller parameter

Ksz KSG Kskyz Ksky& Ks f Csf K. sr Csr

Attitude 130 | 700 | 11000 | 10 - - - -

Ride - - - - 10 10 | 6000 | 600

Attitude +ride | 130 | 700 | 11000 | 10 10 80 | 900 | 20

Table 4.2, shows the simulation results of vertical body acceleration and vertical
body displacement for passive, attitude control, ride control and combination of ride and
attitude controllers. The combination of attitude and ride controllers simulation result is
better than ride controller and attitude controller. It is because combination of attitude and
ride controllers able to reduce the peak amplitude of the vehicle acceleration from 2.274m/s
to 2.055m/s? and about 9.63% reduction than other controllers. Ride controller only able to
reduce the vertical body acceleration and vertical body displacement about 1.5% and 1.65%,

a slight reduction compared to other controllers.
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Table 4.2 Peak value for vehicle speed step input at 40km/h

Peak value Body responses
Acceleration (m/s?) Displacement (m)
Passive 2.274 0.08844
SAS (ride) 2.24 0.08698
Reduction (%) 1.5 1.65
SAS (attitude) 2.09 0.05052
Reduction (%) 8.09 42.88
SAS 2.055 0.05006
(attitude+ride)
Reduction (%) 9.63 43.4

From Figure 4.9 and 4.10, it shows the graph trend simulation results of vertical body
acceleration and vertical body displacement for passive and stability augmentation system
controllers. The attitude control and combination of attitude and ride control, graph pattern
are quite similar. Furthermore, attitude control able to reduce the peak amplitude and
improve the settling time for the vehicle body. By referring Figure 4.10, vertical body
displacement is around 0.05006m peak amplitude reduction. That is better compare to
passive suspension, which peak amplitude around 0.08844m. From the results, stability
augmentation system, combination of ride and attitude controllers with active suspension
able to improve the ride comfort when the vehicle driven at speed 40km/h with step input
height is 0.05m.
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Figure 4.10 Vertical body displacement step input at speed 40km/h
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4.3.1.2 Vehicle Speed at 100km/h

The Simulink model is composed three types of controllers, which are half car with
ride controller, attitude controller and combination of attitude and ride controllers. The
vehicle model will is set at speed 100km/h. The step input function will be connected to both
of the input port front and rear tyre of subsystem. The step function have been set at 1 sec
with 0.05m height. Table 4.3 is the controller parameter, that have been tuned for each
stability augmentation system controllers to achieve the optimum peak amplitude reduction

from passive suspension.

Table 4.3 Numerical value of controller parameter step input at 100km/h

Controller Controller parameter

Ksz Kss Kskyz Kskyﬂ st Csf Ksr Csr

Attitude 130 | 10000 | 11000 | 100 - - - -

Ride - - - - 10 10 20 | 700

Attitude + ride | 130 | 10000 { 11000 | 100 10 10 | 3000 10

Table 4.4, it shows that the stmulation results of vertical body acceleration and
vertical body displacement for ride controller, attitude controllers, combination of attitude
and ride controllers and passive suspension. The combination of attitude and ride controllers
simulation result is better than ride controller and attitude controller. Tt is because the
combination of attitude and ride controllers is able to reduce the vertical body acceleration

and vertical body displacement, around 7.61% and 44.03% compared to other controllers.
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Table 4.4 Peak value for vehicle speed step input at 100km/h

Peak value Body responses
Acceleration (m/s?) Displacement (m)
Passive 2.272 0.09003
SAS (ride) 2.179 0.08742
Reduction (%) 4.09 2.90
SAS (attitude) 2.098 0.05064
Reduction (%) 7.66 43.75
SAS 2.099 0.05039
(attitude+ride)
Reduction (%) 7.61 44.03

From Figure 4.11 and 4.12. it shows that the simulation result of vertical body
acceleration and vertical body displacement for stability augmentation system controllers
and passive suspension. The attitude control simulation result is better than ride control
simulation results. It is because attitucde control is able to reduce the peak amplitude of
vertical acceleration and vertical displacement the reduction is around 7.66% and 43.75%
than ride controller around 4.09% and 2.90%. The combination of ride and attitude
controllers will improve the settling time for vertical body displacement, where at 6 sec the
vehicle will not continue moving upward and downward. The combination of attitude and

ride controller is able to improve the ride comfort of the driver and passengers while vehicle

travel on step input height is 0.05m at speed 100km/h.
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Figure 4.12 Vertical body displacement step input at 100km/h
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4.3.2 Sine Wave Input Road Condition

Passenger vehicle have been run simulation with sine wave input, it will be run at
different speeds at 40km/h and 100km/h. By running the simulation it will show. the
optimum controllers can tune the parameter of the active suspension with stability
augmentation system in order to reduce vertical body acceleration and vertical body

displacement.

4.3.2.1 Vehicle Speed at 40km/h

The active suspension with stability augmentation system with attitude, ride and
combination of attitude with ride controller have been used to reduce vertical body
acceleration and vertical body displacement. Then, Table 4.5 is the numerical value for

parameter of the controller while the vehicle passenger speed at 40km/h.

Table 4.5 Numerical value of controller parameter sine wave input at 40km/h

Controller Controller parameter

Ksz Ksﬂ Kskyz Kskye st Csf Ksr Csr

Attitude 2000 | 1800 | 40000 | 50 N 1 =

Ride - - - - 10. | 7000 | 50 10

Attitude + ride | 2000 | 1800 | 40000 | ~ 50 20 |20 10 | 20

Result of active suspension with stability augmentation system have been tabulated
in Table 4.6. From Table 4.6, the vertical body acceleration for passive is equal to 0.7437m/s>
and the vertical body displacement is ecqual to 0.07393m at the first peak.
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Table 4.6 Peak value for vehicle speed sine wave input at 40km/h

Peak value Body responses
Acceleration (m/s?) Displacement (m)
Passive 0.7437 0.07393
SAS (ride) 0.584 0..06373
Reduction (%) 21.47 13.80
SAS (attitude) 0.2495 0.02478
Reduction (%) 66.45 66.48
SAS 0.2489 0.02477
(attitude+tride)
Reduction (%) 66,53 65.50

By refer to Figure 4.13 the vertical body acceleration amplitude are not stable, which
the amplitude is moving upward and downward rapidly at the certain time. From Figure 4.14
the graph trend for attitude control and attitude with ride control are quite similar which
amplitude for attitude controller around 0.02478m and attitude with ride control is
0.02477m. The difference between this two controllers is small eompare to ride controller.

Ride controller reduction is too small, reduction of displacement is only 13.80% and the

reduction for acceleration of vehicle body is only 21.47%.
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4.3.2.2 Vehicle Speed at 100km/h

This part will discuss the result of vehicle passive and active suspension by using
stability augmentation system. Vehicle suspension model will run at speed 100km/h with
sine wave input height 0.05m. From Table 4.7, it is the numerical value controller parameter

for each controllers. The controllers have been tune until it achieve the optimum reduction

amplitude of the vertical body acceleration and vertical body displacement.

Table 4.7 Numerical value of controller parameter sine wave input at 100km/h

Controller Controller parameter
Kz | Ksg | Kskyz | Kskye | Ksp | Csp | Ksv | Cor
Attitude 7000 | 2000 | 40000 | 200 - - - -
Ride - - - - 20 | 3000 10 10
Attitude + ride | 7000 | 2000 | 40000 | 200 20 10 20 10

By refer to Table 4.8, the peak value for vertical body acceleration passive
suspension is around 0.8478m/s’ and vertical body displacement is 0.07562m. This will

affect the ride comfort of driver and passengers during driving on sine wave input at speed

100km/h, it will make vehicle moving upward and downward rapidly.

53




Table 4.8 Peak value for vehicle speed sine wave input at 100km/h

Peak value Body responses
Acceleration (m/s?) Displacement (m)
Passive 0.8478 0.07562
SAS (ride) 0.7774 0.06718
Reduction (%) 8.30 11.16
SAS (attitude) 0.2681 0.02523
Reduction (%) 68.38 66.64
SAS 0.2648 0.02522
(attitude+ride)
Reduction (%) | 68.77 66.65

Then, from Figure 4.15, the vertical body acceleration have been reduced by using
SAS with attitude and ride control for active suspension system. The reduction from the
passive suspension is height, around 68.77% have been reduce. After that, the vertical body
displacement have been reduced by using attitude with ride control than passive suspension
in the Figure4.16. The percentage reduction of displacement is equal to 66.65%. Besides
that, by refer to Figure 4.15 and 4.16 the used of active suspension with attitude will give
the big impact to the vehicle ride comfort, which is vertical acceleration and displacement
have been reduce more. Compare to ride control with active suspension, the reduction of
vertical body acceleration is only 8.30% and vehicle body displacement only 11.16%.

However, combination of ride and attitude control with active suspension will get better

result of vertical acceleration and body displacement reduction.

54




Vertical body acceleration

1.5

passive

= = SAS ride
=sme SAS attitude+ride |
e SAS attitude

£
tn

Body acceleration, mis?
<)
(4] o

Y o

-1.5

Time, s

Figure 4.15 Vertical body acceleration sine wave input at speed 100km/h

Vertical body displacement

0.08 |
—DSSSWQ
0.06 i e 1
e SAS altitude
====SAS attitude+ride
0.04 ¥
E
€ 002t
©
g {
8
o 0
o
£
o
_§- -0.02
@
-0.04

-0.06

-0.08 - =

Time, s

Figure 4.16 Vertical body displacement sine wave input at speed 100km/h

55



44  Summary

From the simulation results, it can be seen that active suspension with stability
augmentation system by using attitude and ride control is able to reduce both the amplitude
and settling time of unwanted body motions in the form of body displacement and body
acceleration as compared with attitude controller, ride controller and passive suspension

system.
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CHAPTER §

CONCLUSION AND RECOMMENDATIONS FOR FUTURE RESEARCH

5.1  Introduction

In this study, the use of active suspension with stability augmentation system to
improve the vertical motion, ride comfort and stability of vehicle was explored. It begin by
derive a 4-DOF mathematical equations for half car ride model. After, the vehicle model has
been built by using mathematical equations, it has been verified with CARSIM. Sensitivily

study for the tuning control parameter was conducted for each controller.

5.2  Conclusion

From the results and discussion presented in this study, it can be concluded that a
half vehicle model and control strategy for active suspension with stability augmentation
system have been developed. The results of half vehicle model verification with CARSIM
showed that the graph trend are similar but different in magnitude at certain time. By
referring to Table 4.2, active suspension with stability augmentation system control by
attitude and ride control can reduce the peak of the vehicle acceleration.

Besides that, from the Table 4.4, stability augmentation system control by attitude
and ride has been reduced the peak of vertical body acceleration. From simulation it shows
that active suspension with stability augmentation system with attitude and ride controller
will reduce the amplitude of the vertical body acceleration body displacement more than
attitude and ride controller. Furthermore. between attitude and ride controllers, attitude will
reduce the amplitude and improve settling time and ride comfort rather than ride attitude.
Active suspension system has better performance capabilities over passive suspension

system.
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5.3 Recommendation for Future Research

From the simulation result, it shown that active suspension with stability
augmentation system can reduce the vertical body acceleration and displacement at speed
40km/h and 100km/h with road input step and sine wave. It is required to conduct an
experiment on vehicle with active suspension using stability augmentation system, in order
to validate the simulation results and experimental results. For future work, need to build
full car ride model that will study the roll motion, pitch motion by using stability

augmentation system.

58



REFERENCES

A. Raj and V. Rajamohan. (2016). Semi-active vibration control of an 8x8 armored wheeled
platform, (September).

Ahmed S., Ahmed S. Ali, Nouby M. Ghazaly, G. T. A. el-J. (2015). PID Controller of Active
Suspension System, 8(6), 899-909.

Campos, J., Davis, L., & Lewis, F. (1999). Active suspension control of ground vehicle
heave and pitch motions. Proceedings of the 7th Mediterran Conference on Control
and Automation. 222-233.

Chen, M. Z. Q., Hu, Y., Li, C., & Chen, G. (2014). Semi-active suspension with semi-active
inerter and semi-active damper. /FAC Proceedings Volumes (IFAC-PapersOnline),
19(3), 11225-11230.

Choti, S.-B., & Kim, W.-K. (2000). Vibration Control of a Semi-Active Suspension Featuring
Electrorheological Fluid Dampers. Journal of Sound and Vibration, 234(3), 537-546.

Do, A. L., Sename, O., Dugard, L., Savaresi, S., Spelta, C., & Delvecchio, D. (2010). An
extension of mixed sky-hook and ADD to magneto-rheological dampers. /FAC
Proceedings Volumes (IFAC-PapersOnline), (2006), 25-31.

Yahia E., S. M. and M. G. R. (2016). PDF Versus PID Controller for Active, (May).

Fleps-Dezasse, M., & Brembeck, J. (2016). LPV Control of Full-Vehicle Vertical Dynamics
using Semi-Active Dampers. /FAC-PapersOnLine, 49(11), 432-439.

Gaur, S. (2013). Vibration Control of Bus Suspension System using PI and PID Controller.

International Journal of Advances in Engineering ..., 3(2), 94-99.

59



Hanafi, D. (2010). PID controller design for semi-active car suspension based on model from
intelligent system identification. 20/0 2nd International Conference on Computer
Engineering and Applications, ICCEA 2010, 2(December), 60-63.

Harun, M. H., Jamaluddin, H.. Hudha, K., Rahman, R. A., & Zailimi. W. M. (2014).
Application of Stability Augmentation System for Semi-active Railway Vehicle
Secondary Vertical Suspension, 8, 12-14.

Holzmann, K., Kemmetmdiiller, W., Kugi. A.. & Stork, M. (2006). Design, mathematical
modeling and control of an asymmetrical electrorheological damper. IFAC Proceedings
Volumes (IFAC-PapersOnline), 4(PART 1), 372-377.

Ikenaga, S., Lewis, F. L., Campos, J., & Davis, L. (2000). Active suspension control of
ground vehicle based on a full-vehicle model. Proceedings of the 2000 American
Control Conference. ACC (IEEE Car. No.0OCH36334). 4019-4024 vol.6.

J. 1. H. Paulides and E.A. Lomonova. (2006). Design Considerations for a Semi-Active
Electromagnetic Suspension System, (May 2017).

Kasemi, B., Muthalif. A. G. A., Rashid, M. M., & Fathima, S. (2012). Fuzzy-PID Controller
for Semi-Active Vibration Control Using Magnetorheological Fluid Damper. Procedia
Engineering, 41(Iris), 1221-1227.

Lozoya-Santos, J., Tudén-Martinez, J. C.. Morales-Menendez, R., Ramirez-Mendoza, R., &
Gutierrez, A. M. (2012). Fault detection for an automotive MR damper. [FAC
Proceedings Volumes (IFAC-PapersOnline), 14(PART 1), 1023-1028.

Luo, N., Zapateiro, M., & Karimi, H. R. (2010). Heuristic and backstepping control
strategies for semiactive suspension in automotive systems equipped with MR dampers.

IFAC Proceedings Volumes (IFAC-PapersOnline), 354-359.

60



Morales-menendez, J. D. J, L. R., Tud. J. C., & H, F.-S. M. (2011). Control Strategies for an
Automotive Suspension with a MR Damper, 1820-1825.

Mori. T., Nilkhamhang, 1., & Sano. A. (2007). Adaptive semi-active control of suspension
system with MR damper. IFAC Proceedings Volumes (IFAC-PapersOnline), 9(PART
1), 191-196.

Naik, R. D., & Singru, P. M. (2009). Establishing the limiting conditions of operation of
magneto-rheological fluid dampers in vehicle suspension systems. Mechanics Research
Communications, 36(8). 957-962.

Qazi. A. 1., Khan, A., Khan, M. T., & Noor, S. (2013). A Parametric Study on Performance
of Semi-active Suspension System with Variable Damping Coefficient Limit. A44SR/
Procedia, 4. 154-159.

Turnip, A., Hong, K. S., & Park, S. (2008). Control of a semi-active MR-damper suspension
system: A new palynomial model. IFAC Proceedings Volumes (IFAC-PapersOnline)
(Vol. 17). TFAC.

Vivas-Lopez, C. A.. Hernandez-Alcdntara, D., Nguyen, M.-Q., Morales-Menendez, R., &
Sename, O., (2015). Force Control System for an Automotive = Semi-active
Suspension**Authors thank CONACyT and CRNS for their partial support in the
bilateral M_exico-France PCP projects 03/10 and 06/13. /FAC-PapersOnLine, 48(26),

55-60.

61



APPENDICES

A Controller parameter step input at 40km/h

» SAS attitude and attitude with ride controller
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SAS ride controller
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Body acceleration, m/s’
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B Sample calculation for transport delay

distance
time

Velocity,v =
Then, take distance for the vehicle wheel base, which is equal to 3.1m. Convert the vehicle

speed tom/s, equal to 11.11m/s.

_3m
11.11m/s = e
time = 0.279s

By using transport delay block, set the time delay for rear tire equal to 0.279s.
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