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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 CARS IM 8 software 
simulation. The vehicle model with active suspension and stabi lity 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 d ifferent speeds of 40km/h and 1 OOkm/h. 
Comparison of the simulation results demonstrates the improvement of the vehicle ride 
comfort 
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AB ST RAK 

Kajian ini membentangkan akan penggzmaan sistem suspensi aktif dengan 
menggunakan sistem pembesaran kestabi/an bagi mengz1rangkan kesan permukaan ja/an 
terhadap keselesaan pemanduaan kenderaan. Sil'nulasi model separuh kenderaan 
berorientasikan kcrwalan telah dicipta dan bagi mengesahkan dengan simulasi perisian 
CARSJM 8. Model kenderaan dengan penggantungan akt(f dan kestabilan pembesaran tel ah 
dibangzmkan 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 beralzm. Algorif ma yang dicadangkan adalah 
sistem pembesaran kestabilan yang mampu mengurangkan kesan gangguan permukaan 
ja/an. mengekalkan badan kenderaan s,tabil dan pengagihan semasa pergerakan kenderaan 
berdasrkan pennukaan jalan mengikut paramerer kawalan algorilma tel ah di bentangkan. 
Suspensi aktif akan menghasilkan daya mengikut kuasa yang dikehendaki dari sisiem 
kawalan dan halaju re lat if antara badan kenderaan dan sistem suspensi dan terbukti mampu 
untuk mengurangkan getaran badan kenderaan. Kenderaan itu juga akan di uji pada 
kelajuan yang berbeza pada kelajuan 40kmlj dan 1 OOkmlj. Perbandingan hasil keputusan 
simulasi menunjukkan peningkatan kesefesaan pemanduan kenderaan. 
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CHAPTER! 

IN1rRODUCTION 

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 suspi~nsion 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, pa:ssive suspension cannot control the spring stiffness 

and damper coefficient, in order to decrease the displacement of sprung mass vibration 

(Chen, et al., 2014 ). 

&riy Bod) Boriy 

Conrrol/obfe 
Damp1?1-

Figure 1.1 Type of suspension system (Chen, et al., 2012) 
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Passive suspension has a limitation to reduce the motion of the car, only certain 

ground surface. For example if the veh:icle with passive suspension is driving on the bwnp 

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 cornering 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 systiem 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 advar1tage 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 ., 20 l 0), the vehicle motion stil l 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, lfthe vehicle stability does not control, while vehicle 

want to make cornering it will increas:e vehicle body roll. ff the roll of the vehicle body 

increase, the probability to accident is high. Ground terrain also will affect the vehicle 

stability, because passive suspension ornly can absorb the vibration at certain ground surface. 

depend on the passive suspension parameter. 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 

2 
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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 cam detect the vehicle motion in order to produce force 

to stabilize the motion. 

Suspension system with stiff aind 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 cmTent to ope:rate 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. 

If 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 stabi lity augmentation system controller will be developed to reduce the vibration of 

the vehicle body. 

J.3 Objective 

The objectives of this project are as follows: 

1. To improve ride comfort of vehicle. 

11 . To develop a control strategy for active suspension with stability augmentation 

system. 

l .4 Scope of Project 

The scopes of this project are: 

1. The vehicle parameter of D~class sedan car half car model is selected. 

n. This study only focus on ride analysis of the car mode.I. 

3 
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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 suspernsion 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. 

4 
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CHAPTER2 

LITERATURE REVIEW 

2.1 Introduction 

This chapter presents, the advantage of active suspension, vehicle stability test 

simulation, type of semi-active damp1er, and followed suspension controller in active 

suspension technology. An overview of current works and research among the researchers 

is 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 vehide body. Suspension can be divide into two type, 

dependent and independent suspensicm 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 tlat plate can support large area and weight of 

vehicle load. The disadvantage of dependent, it 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 suspensioh 

system are spring, shock absorber, stmt 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.l 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 mo1vement of the suspension system according to the 

ground terrain (Chen, et al., 2014). Ve:hicle 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 hamdling (Ikenaga, et al, 2000). Passive suspension is 

5 
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the suspension that did not have any cointroller that can adjust the movement of the spring 

and shock absorber. 

db1 

Figure 2.1 Schematic diagram for passjve suspension (Pauli des 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 functiion. But, active damper would be unstable if the 

controller caTUlot 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 suspensio.n cam provide harder and softer damping limit according 

to the ground terrain (Qazi, et al, 2013)1. 
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Figure 2.2 Sch ematic 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 wor~ the active suspension will be 

unstable because of electronic system cannot control the movement of the suspension (Luo, 

et al., 2010). 
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Figure 2.3 Schematic diagram for active suspension with controller (Y ahia E., 2016) 

2.3 Semi-active Damper in Vehich~~ Suspension System 

There are two common semi-act:ive damper that. are usually use as damper for semi

active suspension system. One is maignetorheological (MR) damper and the other is 

electrorheological (ER) damper. Mrnreover, 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 Magnetor heological Damper 

Magnetorheological damper al:so semi-active damper that isolate vibration of 

suspension system and also building stmcture. Besides that, MR damper reaction depend on 

the current input. By the current input tllow 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 electJ:ic 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., 201 2). 

No fi tJhJ 
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Figure 2.5 Transformation iron particle MR damper (Kasemi, et al., 2012) 
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2.3.2 Electrorheological Damper 

Electrorheological (ER) damper also common semi-active damper that is use w ith 

the semi-active suspension system. In the electrorheological damper, fiat plate will be 

fonning by two electrodes with electrorheological fluid flow through in the damper 

(Holzmann, et al , 2006). By fl ow 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). 

laminar ER valve 
damping orifice 

piston / 
chamb~r I 

chamber 1 
I 

1.'hc'-·k valve 
hydraulic ac:cumul111(1r 

Figure 2.6 Cross section oif ER damper (Holzmann1 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.l Proportional-lntegral-Derivatiive (PID) 

The control structure for the PID (Gaur, 201 3) 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 PlD 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 Pill (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. fr,om the result, the improvement are quite high than 

PIO controller on the suspension system. 

1 5 

-2 

5 11mo 
- -1-

10 

Figure 2.8 Controller response (Kasemi et al., 2012) 

Other than that, (Hanafi, 2010) have make simulation on PID, PI and PD. By refer to 

controller parameter Table 2.1, quar1ter car suspension system with PID give better 

performance than other. PlD 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 
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Table 2.1 Controlller parameter (Hanafi, 2010) 

Parameter Type of controller 

PID PI PD 

Kp 0.1211 2.970 0.00001 

Ti 0.0980 0.105 00 

Td 0.1200 0 0.0000001 

By referring to the Table 2.2~ PU) controller have been use with active suspension. 

PIO controller have been reduce the percentage overshoot for car body acceleration. 

suspension travel and wheel travel. This result show that Pill 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 Aclive Reduction 
(passive-
active 

/ passive ) 

100 % 
2 Car body 2 m/s2 0.55m/s2 72.5 % 

acceleration 
3 Suspension 0.052 m 0.0281 m 46 % 

travel 
4 Wheel 0.049lm 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 sus:pension. From Figure 2. 10, LPV controller for both 

full and quarter vehicle the optimum ride comfort are almost same and bener than skyhook 

controller. Besides that, LPV controller also can provide more road holding about 5% than 

skyhook controller. 
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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 (MoraJes-menendez, et aL, 2011), by refer to the 

Figure 2.11, the comfort performance improvement ofLPV and FEB controller 0-1 OHz than 

passive suspension system. The amplitude at 160mm and frequency of 0.2Hz for bump to 

evaluate the control system. By referning 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. 
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Figure 2. 10 Suspension performance comparison (Morales-menendez, et al., 201 1) 
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Figure 2. 11 Sprung mass acceleration (Morales-menendez, et al., 20 11 ) 
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2.4.3 Skyhook 

Skyhook controller with MR damper have been study (Do, et al., 20 I 0), 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. 
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Figure 2.12 Acceleration at O.Olm step input (Do, el al., 2010) 

1.6 

Besides that, the passenger comfort have been improve about 17% by skyhook and 

ADD and soft MR damper can be achi1eve this improvement The improvement passenger 

comfort, will be also improve the vehfole 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 peJrformance for the vehicle suspension system. 
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Figure 2.13 Performance comparison (Do, et al., 2010) 

2.4.4 Stability Augmentation SysteOll (SAS) 

Full vehicle of active suspension system (lkenaga, 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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Besides that, half vehicle active suspension system by (Campos, et al., 1999) with 

controller system same as SAS used ini 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 sk'Yhook contmller provide better vehicle isolation lhan the other 

controller. The amplitude of pitch accel1~ration with road disturbance by the active damping 

and skyhook is much reduction than pa~sive suspension system. From the result, the heave 

acceleration with road disturbance, have been reduce by applying active damper and 

skyhook controller in the active suspens.ion system. 

~~~~--~-~--~~-

«> 
!OD 

JO 

1!ll...._ _____ ....___.___.._......__,_ _ __J 

0 0.5 I 1 S 2 25 3 l,5 4 .U S 

Figure 2.15 Simulation resu1lt 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 Fig;ure 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 

[n 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 andl 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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CHAPTER3 

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 rid1e 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 ti nier parameter-varying a:re 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 a:nd CARSTM 

simulation models. If the result for Matlab and CARSlM are same or nearest it is accepted 

that the derivation of the vehicle model is accepted and can be continue with the nex1 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 thre•e different type of controller. The suspension system 

will be control with attitude controller, ride controller a:nd 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. 

~·e the m~thematical 
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Figure 3. 1 flow chart of the methodology 
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3.3 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 limitation of the software. 

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

11. Aerodynamics lift and drag forces, as well as tyre rolling resistance on the road 

swface are negligible. 

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

iv. The vehicle remain on the ground at all times, which is the front and rear tyre 

never lose contact with the grou1ild while maneuvering. 

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

approximation. 

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

damping. 

3.4 Equation of Motion DeveJopm•mt 

3.4.1 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 suspensio.n 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 41-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 

Zbt = zb - L1sin8 = zb - L1e 
Rear wheel 

Zbr = lb + Lrsin8 = lb + Lr8 

Vertical acceleration 

Front wheel 

ibf = tb - L1sin8 = tb - l18 

Rear wheel 

ibr = ib + lrsiniJ = ib + lrB 

(3. 1) 

(3.2) 

(3.3) 

(3.4) 

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

motion can be; 
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The equation of motion for heave is 

MbZb + Csr(ibr - iwr) + Ksr(Zbr - Zwr) + Cs1(ibf - iwf) + Ks1 (Zbf - Zwf) - ft -
fr= 0 

lb = ~b [- Csr(Zbr - Zwr) - Ksr(Zbr - Zwr) - Cs1 (ibf - Zwf) - Ksr(Zbf - Zwf) + 

fr+ fr ] (3.5) 

Substitute the value of Zbri Zbf• ibrand ibf into the equation (3.5). 

lb = ~b [- Csr(ib + lrB - iwr) - KsrCZb + lr8 - Zwr) - Csr(ib - lrB - iwf) -

Ksr(Zb - lr8 - Zwt) +fr+ fr] (3.6) 

The equation of motion for pitch is 

leB = lr [Csr(ib - lrB - iwf) + K5r(Zb - lr8 - Zw/ )] - 4- [Csr(ib + lrB - iwr) -

Ksr(Zb + 4-8 - Zwr)] - lr fr+ lrfr :;:;; 0 

8 :;:;; 1~ [Lr [ Csr(ib - lrO - iwf) + Ks1(Zb - lrO - Zwt )] - lr[Csr(ib + lrtJ - Zw1·) + 

K51.(Zb + frO -Zwr)] - li ft+ lrfr] (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 

MwrZwt - Csr(ibf - iwf) - Ksr(Zbf - Zwt) + Kc1(Zwt - Zrf) +ft = 0 

Zwr = - 1
-[Csr (ib f - iwf) + Ks1(Zbl - Zwt) - Kcr(Zwr - Zrr) - fr] (3.8) 

Mwt 

Substitute the value of Zbf and ibf into the equation (3.8) 

Zwf = - 1
-[Cs1(ib - lrO - Zwr ) + Ks1(Zb - lr8 - Zwt) - Ktr(Zwr - Zrf ) - fr] (3.9) 

Mwt 

Rear wheel 

MwrZwr - Csr(Zbr - Zwr ) - Ksr(Zbr -- Zwr) - KtrCZwr - Zrr) +fr= 0 

Zwr = -1
- lCsr(Zbr - Zwr ) + Ksr (Zbr - Zwr) + KtrCZwr - Zrr) - fr ] (3 .10) 

Mwr 

Substitute the value of Zbrand ibrand into the equation (3.10). 

Zwr = -
1
- [Csr(Zb + lrtJ - iwr) + Ksir(Zb + lrO - Zwr) + Ktr(Zwr -Zrr) - fr] (3. 11 ) 

Mwr 
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From the mathematical equation passive suspension of half car ride model. 

Matlab/Simulink was developed to veri fy the result of Matlab and CARS IM. Furthermore, 

verify between Matlab and CARSlM, to make sure the mathematical equations for half car 

ride is 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 

l 00 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 1 Hz. From the Figure 3.3, it is the paissive suspension system for half vehicle model. 
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Figure 3.3 The half vebic.le model subsystem Matlab/Simulink 
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3.5 Validation of the Passive Vehic:Je 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 

Mb lSOOkg 

Mwr 59kg 

Mwr 59kg 

Ksr 3SOOON/m 

Ksr 38000N/m 

Ktf 190000N/m 

Krr 190000N/m 

Csf l OOON/ms-1 

Csr- llOON/ms- 1 

le 2160kg .m 2 

Lr 1.4m 

lr 1.7m 
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3.5.2 Matlab Model Descr iption 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. 
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figure 3.2 Simulation model of half vehicle model Matlab/Simulink environment 

3.5.3 V crificatioo 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 CARS IM 

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 CARSJM result. The model verification was performed for a period of20 

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 simula1tion 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 v1:!hicle obtained from CARSIM will be used as the 

benchmark in verification the Matlab model. 
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Figure 3.3 Simulation model of D-Class sedan car CARS IM 
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Figure 3.6 Simulation CARSIM pitch angle vehicle body 

3.5.3.1 Model Verification of Vehicle ll>ynamics 

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 CARSlM, 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. 
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Figure 3.7 Simulation subsystem Matlab/Simulink verify with CARSIM 
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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 al.most the same arid has a small different at certain time. By referring 

to the Figure 3 .9, the first amplitude for CARS IM 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 degr·ee. Then, for the second amplitude is 1.591 degree 

for CARSIM graph and 1.50 l 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 17s and 20s. 
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Figure 3.8 V1erification 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 Zs to 20s. The first peak for CARSIM is at 0.001459 m/s2 and for Matlab is 

at 0.001568 m/s2
• The different between this two peaks is 0.000109 m/s2, which the peak 

for Matlab much higher than CARSThr1. Then, the second amplitude of CARSIM is at 

0.005944m/s2 and for Matlab is at 0.005754 m/s2 . The different between this two peaks 

is about 0.00019 m/ s 2 • The different between Matlab and CARSIM graph trend still same 

even there is small different amplitude ait 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 acituator in such a way that the target force. 

Figure 3.10 Active suspension system with stability augmentation system 

3.6. l Input Decoupling Transformation 

From the heave control and pitch control equation, transform it into matrix fonn as 

a = cb then rearrange it become a c-1 = b. For the c-1 = cT (ccT)- 1 , transpose the c matric 

first before continue with the other step. Finally, get the equation for ft and fr , 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 = ft +fr = heave control (3.12) 

33 

© Universiti Tekni<al Malaysia Melaka 



fe = - aft + b fr = pitch control (3 .13) 

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

(3. 14) 

a c b 

From the equation (3. 14), transfer the matrix c to the Jefi with matrix a. Then, equation (3.15) 

is the formula for the inverse of matrix c. 

,-1 = CT (ccT)-1 

c =[!a !J 
(3.15) 

(3. 16) 

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

in equation (3.17). 

CT= [i ~a] 

Then, multiply matrix c with matrix c transpose (er) , as in the equation (3.18). 

ccr = [!a ~] [i ~a] 
ccr = [ 1 x 1 + 1 x 1 1 x -a+ 1 x b ] 

-a x 1 + b x 1 -a x -a + b x b 

CCT _ [ 2 -a+ b] 
- -a+ b a2 + b2 

(3. 17) 

(3.18) 

(3.19) 

(3.20) 

After, get the matrix for ccr, inverse th~: matrix from equation (3.20) to get the equation 

(3.2 1). 

(ccr)-1 = [ 2 - a+ b] _1 

- a+ b a2 + b2 

( T)-1 1 [a 2 + b 
2 

cc = (a2+b2)(2)- (-a+b)(-a+b) -a + b 

Then, equation (3.22) is the inverse of ccr. 

r -1 1 [a2 + b2 a - b] 
(cc ) = a2+b2+2ab a - b 2 

r r - 1 [1 -a] i [a2 + b2 

c (cc ) = 1 b · (a2+b2)(2)- (-a+b)(-a+b) - a+ b 

Equation (3.25) is the matrix for er (cc1'r1 . 
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(3.2 1) 

(3.22) 

(3.23) 

(3 .24) 

(3.25) 



C-1 = CT(ccTrl = _ 1_ [b -11 
a+b a 1 

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

[ft] - 1 [b -1] [fz ] 
fr - a+b a 1 fe 

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

system. 

1 
fr = a+b [afz + fe] 

: fth!ia fr > 

'1>ut deeC11.4>Jlng 

Figure 3.11 Block diagram for the input decoupling transformation. 

(3.26) 

(3.27) 

(3.28) 

(3.29) 

Input decoupling use in the Simu1link 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 w:ill be run on two type of road input, one 1s 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 bas been developed and mathematical equations has 

been derived based on Newton's second law. The verification of half vehicle mathematical 

model with CARSfM model were imple:mented. lt 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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CHAPTER4 

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 anitude 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 

1 OOkrn/h. The simulation results will b1e 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 l OOkm/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/b and I OOkm/h. 

4.2. 1.1 Vehicle Speed at 40km/b 

From Figure 4. l 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/b on the uneven road surface. the vertical 

body acceleration is around 2.274m/s2 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 
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Figure 4.2 Vertical body displacement step input at 40km/h 
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-'.2.1.2 V chicle Speed at 1 OOkm/b 

Figure 4.3 and Figure 4.4, it shows the simulation results of vertical body 

acceleration and vertical body displacement for passive suspension system. From Figure 4.3, 

the vertical body acceleration is around[ 2.272m/s2 at time J .037 sec when vehicle driven at 

speed 100.km/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 lOOkm/h 
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Figure 4.4 Vertical body displacement step input at 1 OOkm/h 

-t2.2 Sine Wave Road Condition 

The height for the sine wave i1nput is at 0.05m and frequency equal to lHz. The 

vehicle hit this bump at the speed of 40:km/h and 100.km/h. 

4.2.2.1 Vehicle Speed at 40krn/b 

By referring to Figure 4.5 and F igure 4.6, it shows the simulation results of vertical 

body acceleration and vertical body dlisplacement for passive suspension system. From 

Figure 4.5, the vertical body acceleration is around 0.7437m/s2 at time 0.2222 sec when the 

vehicle driven at speed 40km/h with sine wave input height is 0.05m. The vehicle body wi ll 

moved upward about 0.07393m at time 0.7025 sec, this will make the vehicle body moving 

upward and downward and wiU reduce the vehicle ride comfort. 
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4.2.2.2 Vehicle Speed at lOOkm/b 

Figure 4.7 is the vertical body acceleration for passive suspension with speed of 

JOOkmlh, the first amplitude for the sine wave input is 0.8478m/s2, 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 aicceleration sine wave input at 1 OOkm/h 
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Figure 4.8 Vertical body displacement sine wave input at 1 OOkrn/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 1 OOk.m/h, and 

the step input height is 0.05m and time for the simulation is during l Os. 

4.3.1.1 Vehicle Speed at 40km/b 

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 Kse Kskyz Kskye Ksr Csr Ksr CST 

Attitude 130 700 11000 IO - - - -

Ride - - - - 10 10 6000 600 

Attitude + ride 130 700 l 1000 10 IO 80 900 20 

Table 4.2, shows the simulatiOin results of vertical body acceleration and vertical 

body displacement for passive, attitude control, ride control and combination of ride and 

anitude 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 atmplitude of the vehicle acceleration from 2.274m/s2 

to 2.055m/s2 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 2 ) Displacement (m) 

Passive 2.274 0.08844 

SAS (ride) 2.24 0.08698 

Reduction(%) LS 1.65 

SAS (attitude) 2.!09 0.05052 

Reduction(%) 8JD9 42.88 

SAS 2.055 0.05006 
(attitude+ride) 

Reduction(%) 9.153 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 ampl iitude around 0.08844m. From the results, stabili1y 

augmentation system, combination of ride and attitude controllers with active suspension 

able to improve the ride comfort when the vehicle driven at speed 40k:m/h with step input 

height is 0.05rn. 
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Figure 4.9 Vertical body acceleration step input at speed 40km/h 

0.09 

0.08 

0,07 

E 0.06 

c 
Q) 0.05 E 
Q) 
u 

0.04 ro 
0. 
ti) 

'O 
>. 

0 .03 
"C 
0 
co 0 .02 

0.01 

0 

-0.01 
0 2 

Vertic:al body displacement 

3 4 5 

Time, s 
6 

--step input 
--passive 

- - SAS ride 
-·-· SAS attitude+ride 
........ SAS attitude 

7 8 9 10 

Figure 4.10 Vertical body displacement step input at speed 40km/b 

46 

© Universiti Teknikal Malaysia Melaka 



.-.3.1.2 Vehicle Speed at lOOkm/h 

TI1e Simulink model is composced three types of controllers, which are half car with 

ride controller, attitude controller and combination of attirude and ride controllers. The 

vehicle model will is set at speed I OOkm/h. The step input function will be connected to both 

of the input port front and rear lyre of subsystem. The step function have been set at I sec 

with 0.05m height. Table 4.3 is the control ler 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 1 OOk.m/h 

Controller Controller parameter 

Ksz Kse Kskyz KskyB Ksr Csr 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 simulation results of vertical body acceleration and 

vertical body displacement for ride controller, attitude controllers, combination of attitude 

and ride controJlers and passive suspension. The combination of attitude and ride controllers 

simulation result is better than ride controller and attitude controller. It is because the 

combination of attitude and ride controllers is able to reduce the vertical body acceleration 

and vertical body displacement, around 7.61 %and44.03% compared to other controllers. 
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Table 4.4 Peak value for vehicle speed step input at I OOkm/h 

Peak value Body responses 

Acceleration (m/s2 ) 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 displace·ment for stability augmentation system controllers 

and passive suspension. The attitude control simulation result is better than ride control 

simulation results. It is because attitude control is able to reduce the peak amplitude of 

vertical acceleration and vertical displa.cement the reduction is around 7.66% and 43.75% 

than ride controller arnund 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 SIPeed I OOkm/h. 
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.t.3.2 Sine Wave Input Road Condi1tion 

Passenger vehicle have been run simulation with sine wave input, it will be rw1 at 

different speeds at 40km/h and 1 OOkm/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 redluce vertical body acceleration and vertical body 

displacement. 

-'.3.2.l Vehicle Speed at 40km/b 

The acti ve suspension with sta1bility augmentation system with attitude, ride and 

combination of attitude with ride ca•ntroller 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 ve:hicle passenger speed at 40km/h. 

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

Controller Controller parameter 

Ksz Kse Kskyz Ksky8 Ksf Cst Ksr Csr 

Attitude 2000 1800 40000 50 - - - -
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 0.7437rn/s2 

and the vertical body displacement is equal 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 2 ) 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+ride) 

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 compare 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 2 1.47%. 
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Figure 4.14 Vertical body displacement sine wave input at speed 40km/h 
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4.3.2.2 Vehicle Speed at lOOkm/h 

This part will discuss the result of vehicle passive and active suspension by using 

stability augmentation system. Vehicle suspension model wi ll 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 acceleraltion and vertical body displacement. 

Table 4. 7 Numerical value of controller parameter sine wave input at 1 OOkm/h 

Controller Controller parameter 

Ksz Kse Kskyz Ksky8 Ks/ Csr Ksr Csr 

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 p1eak value for vertical body acceleration passive 

suspension is around 0.8478rn/s2 and vertical body displacement is 0.07562m. This will 

affect the ride comfort of driver and pa:ssengers during driving on sine wave input at speed 

1 OOkm/h, it will make vehicle moving upward and downward rapidly. 
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Table 4.8 Peak value for vehicle speed sine wave input at lOOkm/h 

Peak value Body responses 

Acceleration (m/s2
) 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 4.1 5 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 I 1.16%. 

However, combination of ride and attiltude control with active suspension wi ll get better 

result of vertical acceleration and body displacement reduction. 
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4.4 Summary 

From the simulation results, ilt can be seen that active suspension with stability 

augmentation system by using attitude and ride control is able to reduce both the ampl itude 

and settling time of unwanted body motions in the form of body displacement and body 

acceleration as compared with attitud1~ controller, ride controller and passive suspension 

system. 
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CHAPTERS 

CONCLUSION AND RECOMl\11.ENDATlONS FOR FUTURE RESEARCH 

5.1 Introduction 

ln 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. Sensitivity 

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 stabil ity augmentation 

system have been developed. The resullts of half vehicle model verification with CARS IM 

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 

atti tude 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 

"'~ 11 reduce the amplitude of the vertical body acceleration body displacement more than 

anitude and ride controller. Furthermore: between attitude and ride controllers, attitude will 

reduce the amplitude and improve sett ling time and ride comfort rather than ride attitude. 

Active suspension system bas 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 ve11ical body acceleration and displacement at speed 

40km/h and 1 OOkm/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. 
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.APPENDICES 

A Controller parameter step input at 40km/h 

~ SAS attitude and attitude with ride controller 
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B Sample calculation for transport delay 

V l ·c distance e OCl y, v = -ti_m_e _ 

Then, take distance for the vehicle wheel base, which is equal to 3.lm. Convert the vehicle 

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

11.llm/s = 3:
1
m 

time 

time = 0.279s 

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