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1.0	 INTRODUCTION
In developing countries like Malaysia, the population rate and 
the number of car owners have increased dramatically, which 
causes traffic problems to increase exponentially as well (Solah 
et. al., 2013). A high-deck double-decker bus has slowly been 
implemented by public transport company, which is a good 
solution for this situation. However, high deck double-decker 
buses are known to be dangerous as they are easy to cause 
accidents, more specifically rollover accidents (Solah et. al., 
2013).    

Rollover accidents are fatal to passengers and traffic 
around them, the cause of rollover accidents is due to lateral 
stability loss. Sided wind gusts, abrupt steering and braking 
maneuver by the driver are the three major factors for rollover 
accidents (Solah et. al., 2013; Gauchia et. al., 2010; Gillespie, 
2021; Kuo & Li, 1999; Vu et. al., 2016; Vu, 2017). All these 
factors will cause one side of the vehicle wheel to leave off the 
ground and cause the normal force of tire and road to be zero 
when it reaches the threshold of roll angle, rollover accident 
starts. In this study, only abrupt steering input and its effects 
will be considered.

There are a few proposed methods to overcome body roll 
such as active steering control, which will affect the yaw motion 
to modify the rate of steering angle with a given different speed 
input. Other than that, active brake system will give a small 
brake force to each of the wheels (Gillespie, 2021; Vu et. al., 
2016). Although this is a good method to keep every wheel 

with the least slip angle to prevent understeer or oversteer and 
it also has the ability to detect a dangerous situation, the brake 
system will reduce the lateral tire force, which is responsible 
for the rollover (Gillespie, 2021; Vu et. al., 2016; Manap et. al., 
2016). Next, active anti-roll bar is another advanced method to 
control excessive body roll, which usually pairs with hydraulic 
actuators, electric motor or pneumatic actuators to add or 
dissipate energy to the vehicle suspension system (Gauchia 
et. al., 2010; Gillespie, 2021; Vu, 2017; Muniandy et. al., 2015). 
When the center of gravity of the sprung mass is leaving the 
centerline, the sensors will detect the moment then by using 
the force of hydraulic actuators to react at the moment of 
vehicle body roll (Brian, 2002; Conover, 2004); this reaction 
will give the vehicle sufficient roll stiffness to stay flat relative 
to the road.

From the literature review, it can be concluded that active 
anti-roll bar (A.ARB) is suitable to be used to solve the problem 
of rollover accidents. The reason to eliminate the other two 
methods is that active steering control will also modify the 
desired path of the vehicle, affecting the yaw motion, and the 
active brake system will only activate when the wheel reaches 
nearly the limit of lift-off (Vu et. al., 2016; Noraishikin et. al., 
2014). Both disadvantages mentioned could cause heavy 
vehicles to easily lose control and endanger the people around 
it. In this research, it is suggested to choose hydraulic linear 
actuators for the proposed A.ARB system due to the higher 
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force generation capability, suitable for heavy vehicles like 
double-decker bus (Brian, 2002; Conover, 2004; Noraishikin 
et. al., 2014).

To understand rollover events, according to (Vu, 2017), the 
rollover of heavy vehicles can be classified into four types, which 
are preventable, potentially preventable, non-preventable and 
preventable unknown. Although there are different types of 
rollover events with different levels of dangerous levels, the 
study shows that minority of rollover accidents could have 
been avoided with a warning device, but the majority were 
not preventable by driver action alone (Vu et. al., 2016; Vu, 
2017). Because the rollover angle threshold is too small for the 
driver to feel the "vehicle is rolling”, so the vehicle has already 
undergone rollover before the driver realises it (Vu et. al., 2016; 
Vu, 2017). According to Gillespie (2021), the rollover threshold 
is 5.886 m/s as for the base model that will be used in this 
paper, Enviro 500 double-decker bus. Since before this paper 
there are no specific 3-axle double-decker vehicle models 
presented in any literature, the author of this paper developed 
a new Full car 20 DOF mathematical model to simulate the 
3-axle double-decker bus ride and handling motion. The details 
of the model will be explained in the next section.

2.0	 RIDE AND HANDLING FULL 3-AXLE VEHICLE 
MATHEMATICAL MODEL 

In this paper the author will modify and derive from existing 
2-axle vehicle from (Gillespie, 2021; Muniandy et. al., 2015; 
Abu et. al.,  2014; Darus & Yahaya, 2009; Frey, 2009; Ahmed, 
2017; Joga et. al., 2009) to a new 3-axle vehicle mathematical 
model. In riding, comfort models consist of vehicle body roll, 
pitch and bounce motion with 6 vertical motions from the 
wheels resulting in 9 DOF. In handling model, it consists of 
vehicle body roll, pitch, lateral and longitudinal motion with 6 
rotational motions from the wheels, resulting in 11 DOF. Full 
car, 3-axle mathematical model is the combination of the 2, 
therefore results in 20 DOF.

2.1	 Ride Comfort Model for 3-Axle Full Vehicle (9DOF)  
Figure 1 shows full car ride and handling model for 3-axle 
vehicle. Indication i and j will be used in this paper. Whereas 
i = 1, 2 and 3 for position of axle and j = 1 for left and 2 for right. 
The following equations will be derived based on Figure 1.

Vertical displacement and velocity equations for 3-axle 
vehicle

(1)
(2)

Where Zsi j is the vertical displacement of sprung mass 
on the location point of wheel, Zb is the vertical displacement 
of body mass (center of gravity). αb is the pitch angle of the 
vehicle, θb is the roll angle of the vehicle and Li is the length of 
the axle to the centre of gravity. In equation 1 and 2, the term
           and               is negative at j = 1 and positive at j = 2, the term 
l1θb and l1θ     ̇ b s positive at i = 1 and negative at i = 2,3.

Bounce motion for 3-axle vehicle
(3)

Roll motion for 3-axle vehicle
(4)

Pitch motion for 3-axle vehicle
(5)

Ksij is the spring stiffness of the spring in sprung mass 
on each wheel, Cij is the damping coefficient of the absorber 
in suspension on each wheel. Zuij and Zsij is the vertical 
displacement of unsprung and sprung mass, Z

.
uij and Z

.
sij is the 

vertical velocity of unsprung and sprung mass. M is the total 
mass of the vehicle Ixx is the moment of inertia about x-axis (roll 
axis), Iyy is the moment of inertia about y-axis (pitch axis) and  
Z̈ b is vehicle body bounce acceleration, φ̈     

b is the vehicle body 
roll acceleration and θ̈ bis the vehicle body pitch acceleration. 
Figure 2 shows the free body diagram for an anti-roll bar.

Acceleration of unsprung mass for 3-axle vehicle
(6)

muij is the unsprung mass, Z̈ uij is the vertical acceleration of 
unsprung mass, Ktij is the tyre stiffness and Kri is the passive 
anti-roll bar stiffness (P.ARB). The term         α negative at j = 1 
and positive at j = 2.

2.2	 Handling Model for 3-Axle Full Vehicle (11DOF)
By referring to Figure 3, yaw motion with aligning moment for 
3-axle vehicle can be derived as follows:

Figure 1: Ride comfort free body diagram for 3-axle vehicle

Figure 2: Free body diagram of anti-roll bar
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(7)

Where Izz is the moment of inertia about z-axis, ψ̇ z is the 
angular velocity of yaw of the vehicle, li is the length from axle 
i to the centre of gravity, wi is the width of the vehicle track and 
Mzij is the alignment moment.

Longitudinal motion for 3-axle vehicle
(8)

Where ax is the acceleration of the vehicle in x-direction and 
vy is the velocity of the vehicle in y-direction. ψz is the yaw angle 
of the vehicle and δ is the steering angle on the front wheels. 
Fxij and Fyij are forces on wheel in x and y direction. Fx is the 
longitudinal force on the wheel and Fy is the lateral forces on 
the wheel and δ is steering angle.

Lateral motion for 3-axle vehicle
(9)

Where ψz is the yaw angle, ay is the acceleration of the 
vehicle in y-direction and vx is the velocity of the vehicle in 
x-direction.

Brake model for 3-axle vehicle
(10)

Where Iω is the moment of inertia of the wheel about ω-axis. 
Ta and Tb are torque due to acceleration and torque due to 
braking. The Ff is the frictional force created between road and 
tyre. Lastly Rw is the radius of the wheel.

Lateral slip angle for 3-axle vehicle
(10.1)

In equation (10.1), the steering angle, δ is only apply on i = 1 
axle and the term li ψz is negative at i = 2, 3 positive at i = 1.

Longitudinal slip ratio model for 3-axle vehicle
(11)

(12)

(13)

Note that, the term l2Ψ
.  

in equation (11) will be negative at 
i = 2, 3

Load transfer for 3-axle vehicle
(14)

FzijLT is the load transfer on vehicle body wheel sides, m011 is 
the initial weight experience by the vehicle, drc is the distance 
from CG to roll axis, dp is the distance from CG to pitch axis and 
Fzij is the vertical force on vehicle body wheel sides. In equation 
(14), the term ms    ax is negative at i = 1 positive at i = 2, 3 and 
the term ms    ay is negative at j = 1 and positive at j = 2. Note 
that vehicle roll and pitch motion due to handling is similar with 
2-axle vehicle (Muniandy et. al., 2015; Darus & Yahaya, 2009; 
Uil et. al., 2007).

2.3	 Magic Formula
The latest Pacejka tyre model is PAC2002 (Adams, 2024; 
Hans, 2012) and is used in this paper. However, simplification 
is possible due to some insignificant factors included in the 
model. For example, like tyre pressure, effective rolling radius, 
rolling resistance moment and overturning moment. Moreover, 
Enviro 500 camber angle is 0.

3.0	 PARAMETERS 
Basic parameters of Enviro 500 Double-decker Bus can 
be found in the catalogue as shown in Table 1 (Abu, 2014; 
Prochowski & Zielonka, 2014; Slade, 2009; Belrzaeg et. al., 2021).

As for PAC2002 parameters for 315/80 R22.5 tyres are 
obtainable from Adams tyre library files. Overall simulation 
model built in MATLAB Simulink software is shown in Figure 4.

3.1	 Inputs
The half bump test input is by giving dimension from Figure 5 
to the model with different travel and delay time according to 
the speed.

In handling test, steering dynamics formula was 
constructed as the input graphs for the tests. Equations              ,

       and                        will be used (Harnoor et. al., 2025). 
All the road specification is following the standard set in 
(Jabatan Kerja Raya, 1985; ISO 3888-1, ISO 3888-2) the 

Figure 3: Free body diagram of planar of 3-axle vehicle

Table 1: Enviro 500 parameters

Parameter Value Parameter Value Parameter Value

l1CG 4.7151 m m031 ,
m032

5000 kg Kr 99195.9348

l2CG 1.2779 m mu1 406.8 kg Cr 80900

l3CG 2.5779 m mu2 513.6 kg kARB1 100730

hra 0.648 m Ixx 49000 m4 kARB2 105400

hcgx 5.25 m Iyy 411000 m4 kARB3 108500

hcgy 0 m Izz 396000 m4 ks21 , ks22 ,
ks31 , ks32

452000 Nm

hcgz 1.43 m Iw 15.1070 m4 C11 , C12 38789.9

M 24000 kg la1 0.4318 m C21 , C22 53026.4

Ms 21345.6 kg la2 0.4826 m C31 , C32 10480.3

w 2.545 m la3 0.5588 m Kp 881700

m011 , m012 , 
m021 , m022

3750 kg ks11 , ks12 387000 Nm Cp 888203.5
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4.0	 RESULTS AND DISCUSSION 

4.1	 Half Bump Test at 60km/h 
Figures 9 to 12 show the results comparison for both 
passive and active anti-roll bar system for 40 km/h 
half bump test.

It can be seen from Figures 9 – 12, A.ARB system 
do have less excitation magnitude and quicker 
settling time compared to P.ARB. For example, in 
Figure 9, it can be seen the roll angle maintain within 
the margin of error of 0 degree, leaving the vehicle 
stay flat even after hitting the bump at 40km/h.  Ride 
comfort has also been approved as evidence shown 
in Figure 12, as vertical acceleration is reduced by 
22.05%. Further tests have been carried out to ensure 
the proposed controllers’ robustness and repeatability.

4.2	 U-turn (180-degree turn) test at 80km/h  
Figures 13 to 15 show the results comparison for 
both passive and active anti-roll bar system for 80 
km/h U-Turn test.

For handling tests, steering angle was used 
as input rather than road profile input as shown in 
previous half bump test.  Again, similar to the half 
bump tests, Figures 13 – 15 also show that A.ARB 
system does have less excitation magnitude and 
quicker settling time compared to P.ARB. 

example results of 40 km/h tests input is shown below.  Figures 6 and 7 
show the input signals used for the simulation purpose in this research.

The input signals shown in Figures 6 and 7 are based on proper 
industrial standards.

3.2	 Controller
The chosen controller is self-tuning fuzzy PID controller, which has 
been tested in active suspension system before by various researchers. 
It is found that this controller is robust and suitable for high vibration 
applications. The self-tuning fuzzy PID controller structure is shown in 
Figure 8.

The diagram shown in Figure 8 is the actual Simulink model for the PID 
controller, with reference signal of constant zero fed into the controller.  
In this paper, it is found that kp = 300000, ki = 17500 and kd = 8500 is best 
compared to other values. These values merely act like amplifiers to suit 
the required total force of A.ARB system.  The active forces will then be 
distributed to each axle at 1:0.8:0.8 ratio. The Fuzzy logic memberships 
and rules studied from (Muniandy et. al., 2015; Pivonka, 2002; Ross, 2010).

Figure 4: Overview of Full car, 3-axle vehicle
mathematical model in Simulink

Figure 5: Specification of road bump (Jabatan Kerja Raya, 2015)

Figure 6: Steering input for U-turn test at 40km/h

Figure 7: Steering input for ISO3888-1 test at 40km/h

Figure 8: Roll angle result from half bump
test at 40km/h
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Figure 10: Roll rate result from half bump test at 40km/h

Figure 11: Vertical displacement result from
half bump test at 40km/h

Figure 12: Vertical acceleration results from
half bump test at 40km/h

Figure 13: Roll angle result from 80km/h U-turn test

Figure 9: Roll angle result from half bump test at 40km/h

Figure 14: Roll rate result from 80km/h U-turn test

Table 2: RMS value comparison from half bump test at 40km/h

Improvement of performance RMS comparison (%) between

Without ARB and With P.ARB and

Without ARB With P.ARB With A.ARB With P.ARB With A.ARB With A.ARB

Roll angle 0.3617 0.2290 0.0219 36.68 93.93 90.42

Roll rate 3.0139 2.1169 0.6073 29.76 79.85 71.31

Z 0.0078 0.0068 0.0047 12.33 39.33 30.79

Az 0.7834 0.7558 0.5892 3.51 24.79 22.05

Table 3: RMS value comparison from U-turn test at 80km/h

Improvement of performance RMS comparison (%) between

Without ARB and With P.ARB and

Without ARB With P.ARB With A.ARB With P.ARB With A.ARB With A.ARB

Roll angle 4.1400 2.6505 0.0310 35.98 99.25 98.83

Roll rate 6.1502 5.1629 0.2337 16.05 96.20 95.47

Ay 1.7170 1.7700 1.5371 1.77 10.47 13.16
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4.3	 Double lane change test (ISO 3888-1) at 80km/h   
Figures 16 to 18 show the results comparison for both 
passive and active anti-roll bar system for 80 km/h double lane 
change test.

Figures 16 – 18 also shows similar trend in the differences 
of passive and active anti-roll bar performances.

4.4	 Handling moose test (ISO 3888-2) at 80km/h    
Figures 19 to 21 show the results comparison for both passive 
and active anti-roll bar system for 80 km/h handling moose test.

Figure 15: Lateral acceleration results from 80km/h U-turn test

Figure 16: Roll angle result from 80km/h ISO 3888-1 test

Figure 19: Roll angle result from 80km/h ISO 3888-2 test

Figure 20: Roll rate result from 80km/h ISO 3888-2 test

Figure 21: Lateral acceleration results from 80km/h
ISO 3888-2 testFigure 17: Roll rate result from 80km/h ISO 3888-1 test

Figure 18: Lateral acceleration results from 80km/h
ISO 3888-1 test

Table 4: RMS value comparison from ISO 3888-1 test at 80km/h

Improvement of performance RMS comparison (%) between
Without ARB and With P.ARB and

Without ARB With P.ARB With A.ARB With P.ARB With A.ARB With A.ARB
Roll angle 2.9618 2.6546 0.0319 10.37 98.92 98.80
Roll rate 8.6206 9.7639 0.4362 -13.26 94.94 95.53

Ay 1.2425 1.2608 1.3133 1.26 -5.69 -4.16

Table 5: RMS value comparison from ISO 3888-2 test at 80km/h

Improvement of performance RMS comparison (%) between
Without ARB and With P.ARB and

Without ARB With P.ARB With A.ARB With P.ARB With A.ARB With A.ARB
Roll angle 1.1068 0.9440 0.0208 14.72 98.12 97.80
Roll rate 3.4744 3.6139 0.4371 -4.02 87.42 87.90

Ay 0.6048 0.6135 0.6214 0.61 -2.74 -1.28
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Lower vehicle speed of 40 km/h has been tested on ride 
tests, and 80 km/h has been tested for handling tests. It is found 
that the results of a higher speed test have a better percentage 
of reduction in roll motion and acceleration, hence ensuring the 
stability of the vehicle at high-speed maneuvers while keeping 
it comfortable. Since higher speed tests are more critical, those 
results are discussed in this paper.

4.5	 Discussion    
Overall, all the results do not exceed 5.886 m/s of lateral 
acceleration meaning that no tests have reached the rollover 
threshold. Moreover, A.ARB configuration performance is 
much better than P.ARB which the enviro 500 is using. By 
observing handling graph in Figure 9-21 although P.ARB has 
successfully obtained higher performance compared to without 
ARB configuration, the maximum amplitude of roll angle and roll 
rate are almost as high with a faster settling time from P.ARB. 
Some of the results show that P.ARB is not improving the 
performance rather it is worsening the performances as tested 
on ISO3888-1 and ISO3888-2. This is because ISO3888-
1 involves a very aggressive steering input where P.ARB is 
having insignificant flexibility to react to the changes. On the 
other hand, A.ARB can maintain its performance because 
of the flexibility of the roll stiffness decided by the controller 
according to situations.

Other than that, the performance of bounce acceleration 
in the ride test and lateral acceleration in handling test, 
both the passive and active anti-roll bar failed to give 
significant improvement in handling tests. Although there is 
an improvement on bounce acceleration, on the other hand, 
performance of lateral acceleration is worsened by -4.16% on 
ISO3888-1 test and -1.28% on ISO3888-2. This is because 
the main function of the anti-roll bar is to reduce the roll and 
roll rate (Hamdi et. al., 2024). These will only directly affect 
vehicle’s body roll. The downside is, this will cause the whole 
vehicle to be stiffer and rigid when A.ARB sensor detects the 
vehicle’s body roll. Hence, causes the vehicle to experience 
more lateral acceleration. However, the lateral acceleration 
performance is worsened by only -2.22% through all tests. 
On the other hand, bounce acceleration can slightly improve 
by P.ARB due to the extra constant stiffness but as for A.ARB 
shows better performance is due to the active forces given by 
the controller.

5.0	 CONCLUSION 
A full car, 3-axle mathematical model consisting of 20DOF was 
successfully modeled and simulated within Matlab/Simulink 
environment. Throughout all results tested, it is proven that 
the active anti-roll bar was able to have up to an 86.93% 
improvement of comfort in roll rate on average, reducing roll 
angle up to 95.07% on average and 32.11% improvement 
of bounce comfort on average compared to P.ARB used in 
Enviro 500. Other than that, all handling tests have passed 
the rollover test by not reaching the rollover threshold in every 
test. On average, in every handling test, active anti-roll bar 
is able to reduce roll angle at least up to 98% and roll rate 
comfort has been improved up to at least 90% and successfully 
prevents it from reaching more than 96% compared to P.ARB. 

Unfortunately, it is shown that active anti-roll bar must scarify 
some of the performance on lateral acceleration to obtain the 
improvement on roll rate and roll angle in handling test. However, 
the scarification is very low to negligible with an average of 
-2.22%.  For future improvement, it is recommended to do it 
with an experimental approach. Experimental data will show 
better picture of the effectiveness of the proposed controllers, 
as the simulation in this study only include results with ideal flat 
plane road inputs. 
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