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Abstract — Excessive vertical, roll, and pitch motions of the vehicle can cause discomfort for the
driver and passengers. Mitigation of such motions can be done using active suspensions. In this
paper, proportional-derivative controllers are used to reduce the vertical, roll, and pitch motions by
using a 10 degree-of-freedom vehicle model. The vehicle model is verified by using CarSim for a
double lane change maneuver. The verification results have showed that the vehicle model used in
this study can emulate the motion of the vehicle model in CarSim. The proportional-derivative
controllers are used to calculate the desired vehicle vertical force, roll moment, and pitch moment.
These desired force and moments are converted into active suspension force inputs by using
decoupling transformation. When the vehicle is given sine steer wave and braking torque inputs, the
results have showed that the controllers can reduce the vertical, roll, and pitch motions
considerably. Copyright © 2023 Praise Worthy Prize S.r.I. - All rights reserved.
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Nomenclature

Vehicle longitudinal acceleration

Vehicle lateral acceleration

Vehicle vertical acceleration

Suspension damping coefficient

Lateral tire stiffness

Longitudinal tire stiffness

Vehicle roll angle error

Vehicle pitch angle error

Vehicle vertical displacement error

Total suspension force

Active suspension force

Longitudinal tire force

Lateral tire force

Vertical tire force

Desired vertical vehicle force

Height of vehicle’s center of gravity from ground
Subscript for indicating the position of the tire (i =
fl, fr, rl, and rr for front left, front right, rear left,
and rear right, respectively)

Moment of inertia of the wheel

Roll moment of inertia of the vehicle

Pitch moment of inertia of the vehicle

Yaw moment of inertia of the vehicle
Proportional gain for vehicle longitudinal
acceleration

Proportional gain for vehicle lateral acceleration
Proportional gain for vehicle vertical acceleration
Derivative gain for vehicle roll angle error
Derivative gain for vehicle pitch angle error
Derivative gain for vehicle vertical displacement
error
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Lr
Lw

Mpd
qu

Rw

Ti
Vx
Vy
Vz
Zba
Zbd
Zi

0a
04

ba

Proportional gain for vehicle roll angle error
Proportional gain for vehicle pitch angle error
Proportional gain for vehicle vertical
displacement error

Suspension spring stiffness

Distance from front axle to the vehicle’s
center of gravity

Distance from rear axle to the vehicle’s
center of gravity

Track width

Mass of vehicle

Desired roll moment

Desired pitch moment

Roll rate of the vehicle

Pitch rate of the vehicle

Yaw rate of the vehicle

Tire radius

Slip ratio

Wheel torque

Longitudinal velocity of vehicle

Lateral velocity of vehicle

Vertical velocity of vehicle

Actual vehicle vertical displacement
Desired vehicle vertical displacement
Vertical displacement of each corner of the
vehicle

Slip angle

Front steering angle

Actual vehicle pitch angle

Desired vehicle pitch angle

Tire-road friction coefficient

Actual vehicle roll angle
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Desired vehicle roll angle
Angular velocity of the tire

l. Introduction

The safety of a vehicle is important to protect the driver
and passengers in it. Hence, studies on vehicle safety
systems such as collision avoidance [1], [2], rollover
prevention [3]-[5], and vehicle stability systems, are
imperative to improve the safety of a vehicle. Whenever a
vehicle is given steering angle or wheel torque input, the
vehicle will experience a roll or pitch moment,
respectively. For the passengers and the driver, they will
feel that their bodies are moving sideways, or forward or
backward, respectively. Repetitive of such motions in
different directions would cause discomfort or nausea to
both the passengers and driver. A suspension system is
required to reduce such motions, improving the comfort of
the passenger and driver. The suspension system can be
divided into passive, semi-active, and active suspension
systems. A passive suspension system consists of four sets
of springs and dampers at each corner of the vehicle. A
semi-active suspension system works by controlling the
damping coefficient of the damping fluid in the dampers.

An active suspension system is comprised of an
electronically controlled actuator at each corner of the
vehicle. This paper has focused on evaluating the
performance of the active suspension control system to
reduce the vertical, roll, and pitch motions of the vehicle.

Many studies have used semi-active suspension control
to reduce the roll [6], [7] and pitch [7], [8] motions of the
vehicle. Likewise, there are also studies on active
suspension control to reduce the roll [9], [10] and pitch
[11], [12] motions of the vehicle. The other methods to
reduce the roll motion of the vehicle are anti-roll bar
control [13] while braking control [14], [15] can be used
to reduce the pitch motion of the vehicle. Some studies
have used semi-active suspension control [4], anti-roll bar
control [16], Direct Yaw-moment Control (DYC)
[17]-[19], active steering control [3], [20], [21], and
combination of acting steering control and DYC [5], [22],
[23] for rollover prevention. Besides that, a rollover
prevention method was proposed by using a gyroscopic
device that applies counter roll moment to the vehicle
body [24]. Ochi et al. [25] have proposed the usage of
anti-dive force to control the roll angle by manipulating
the longitudinal tire forces generated by each electric
in-wheel motor. In literature, various control approaches
are used to reduce the roll motion of the vehicle. The
controllers compute active suspension forces, braking
torque, or steering angle in such a way that the roll angle is
reduced. In [4], Yoon et al. have developed a Sliding
Mode Controller (SMC) to compute the desired roll
moment based on the sliding surface, which is defined as
the weighted function of roll angle and roll rate. This
study has been extended with the addition of active
steering control in [5]. For [9], a Fuzzy Logic Controller
(FLC) has been used for feedback and feedforward
control.
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The feedforward FLC computes the counter roll
moment based on the steering angle and longitudinal
vehicle velocity. The feedback FLC computes a counter
roll moment based on the roll angle error and error rate.

The sum of the counter roll moments generated by the
two FLCs is the desired total counter roll moment. Kadir
et al. [10] have used FLC to compute the vehicle body
vertical force and counter roll moment to suppress the
vertical displacement and roll angle, which are then
distributed to four pneumatic suspensions to be realized.

Cho et al. [7] have proposed an integrated control
scheme that uses proportional-derivative controllers to
calculate the desired roll, pitch, and yaw moments. These
desired moments are distributed to the semi-active
suspension system by using two optimization algorithms
that calculate the output damping force and final damping,
respectively, and a control value compensation module
that considers the actuator limitations. Vu et al. [13] tackle
the roll stability problem of a heavy vehicle by using a
Linear Quadratic Regulator (LQR) to control the anti-roll
bar while considering the input control limitation of the
hydraulic actuator. In [18], a feedforward DYC has been
used in conjunction with tire force distribution control in
order to improve the roll stability of the vehicle.

Similarly, the pitch motion of the vehicle has been
improved by using different controllers. In [12], an
adaptive PID controller for an active suspension system
has been used to reduce the pitch angle and pitch rate. Sato
and Fujimoto [14] have proposed state feedback control
for braking torque to reduce the pitching motion. The slip
ratio is estimated to calculate the braking torque by using
a Proportional-Integral controller (P1).

Tavernini et al. [15] have computed the optimal braking
distribution for minimum pitch angle by using Model
Predictive Control (MPC).

In this paper, the vertical, roll, and pitch motions of a 10
Degree Of Freedom (DOF) vehicle model under
combined steering and braking torque is controlled using
three Proportional-Derivative (PD) controllers with the
addition of the product of the accelerations in respective
axis and gains. The effectiveness of the controllers is
evaluated by giving single sine wave steer and braking
torque.

The remainder of this paper is organized as follows.
Section Il describes the vehicle model used in the
simulations. Section I11 presents the controller used for the
active suspension system and describes how the force and
moments calculated by the controller are distributed to the
active suspension actuator. Section 1V shows the results of
two verification tests and the combination of sine wave
steering and braking tests for two different tire-road
friction coefficient. Section V presents the conclusion of
the study.

Il.  Vehicle System Model

A vehicle model represents a set of equations that
describe the motions of a vehicle. The vehicle model that
is used in this paper is shown in Fig. 1.

International Review of Mechanical Engineering, Vol. 17, N. 12
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Fig. 1. Vehicle dynamics model

The vehicle model has 10 Degree-Of-Freedom (DOF):
6 DOF at the vehicle’s Center of Gravity (CG) and 4 DOF
for the wheel spin dynamics. It can be noted that the
vehicle model used in this study is capable of four-Wheel
Independent Driving or Braking (4WIDB) and two-Wheel
Steering (2WS) for the front wheels.

11.L1. 10 DOF Vehicle Model

The 6 DOF at the vehicle’s CG comprised of three
translational and three rotational motions of the vehicle.

The three translational motions are the longitudinal,
lateral, and vertical motions at the vehicle’s CG, which
can be represented by the following equations,
respectively:

m(in —vyr+ vzq)

= (Fxﬂ + F, T) cosd 1)

- (Fyfl + Fyfr) sind + Fx‘rl + Fer
m(iiy +v,r — vzp)

= (Fyy + Fypr)siné )

+ (Fyfl + Fyfr) cosé + Fypy
+ Fypr

m(f]z —Uq + pr) = Fcfl + Fcfr + Fo + oy (3)

where vy, vy, and v; are the longitudinal, the lateral, and the
vertical velocities at the vehicle’s CG, respectively. The
roll, pitch, and yaw rates at the vehicle’s CG are
represented by the symbols p, g, and r, respectively. m
denotes the total mass of the vehicle while ¢ is the steering
angle for the two front wheels. Fxi and Fyi denote the
longitudinal and lateral tire forces, respectively while Fei
denotes the suspension forces acting on the vehicle. The
subscript i = fl, fr, rl, and rr represent the front left, the
front right, the rear left, and the rear right tires,
respectively.
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The three rotational motions are roll, pitch, and yaw,
which can be described by the following equations,
respectively:

LD = hy|(Fefi + Fupr) sin8 + (Fypy + Fypp) cos 8
+ Fyrl + Fyrr]

! (4)
w
o o 4P )

Lg = hy[(Fysi + Fypp)siné

= (Fupi + Fupr) €088 = Fepy 5
®)
— Fy ] = Ly (Fop + o)
+ Lr(Fcrl + Fcrr)
. Ly,

L7 =— [(=Fusi + Fipr) 058 = Feyy + Fory

+ (FJ’fl _FYfT) Sina] (6)

- Lr(Fyrl + Fyrr)
+ Ly [(Fyepi + Fypr) siné
+ (Fyﬂ + Fyfr) cos 5]

where hg is the height of the vehicle’s CG from the
ground.

Lr and L are the distances of the front and rear axles
from the vehicle’s CG, respectively. Lw denotes the
distance between the left and right tires, in which both
tires are equally spaced from the vehicle’s CG. The roll,
pitch, and yaw moments of inertia of the vehicle are
denoted by Ix, ly, and I, respectively.

The wheel spin dynamics can be described by:

IyQ; =T; — Ry Fy; (7
where lw is the moment of inertia of the wheel, Q is the
angular velocity of the tire, T is the wheel torque, and Rw is
the tire radius.

I1.2.  Suspension System

The suspension system is comprised of four sets of
springs, dampers, and active suspension actuators. The
suspension forces produced by all the components can be
represented by:

Foi = —kgizi — csiZ + Fy (8)
where ks and cs are the suspension spring stiffness and
damping  coefficient, respectively. The vertical
displacement of each end of the axles is denoted by the
symbol z. Fy is the force produced by the active
suspension actuator.

11.3.

The tire model for the vehicle model is Dugoff’s tire
model. The equations provided by [26] that describe the
longitudinal and lateral tire forces Fx and Fy, respectively,
are:

Tire Model

International Review of Mechanical Engineering, Vol. 17, N. 12



A.P. L. Zhin et al.

S
E=Coys @M ©)
B = ~Carms fO) (10)

where C, and C, are the longitudinal and lateral tire
stiffnesses, respectively. s and a are the longitudinal slip
ratio and slip angle, respectively. The function f (1) is
defined as:

_{2-MH1r if A<1
fay = {1 if 1>1 (11)
where the variable 4 is given as:
F(+s)
= 12)

B 2,/(C,5)% + (C, tan )2

where u is the tire-road friction coefficient and F; is the
vertical tire force.

I11. Active Suspension Control System

In this section, the active suspension controller and
decoupling transformation are described. The active
suspension controllers calculate the desired vehicle
vertical force, roll moment, and pitch moment to reduce
the wvertical, roll, and pitch motions [28]-[31]. The
decoupling transformation translates these force and
moments into active suspension forces for each corner of
the vehicle to reduce errors. The block diagram shown in
Fig. 2 illustrates the interaction between the active
suspension controller, decoupling transformation, and
vehicle dynamics model.

I11.1. Active Suspension Controller

During acceleration or deceleration, a vehicle will
experience a pitching moment. When a vehicle is turning,
the vehicle will experience a roll moment. In both cases,
the vehicle will also experience heave motion. An active
suspension controller is needed to reduce the pitch, roll,
and heave motions of the vehicle, ideally eliminating
them.

I b

Fui ]

Fuz

Decoupling
Transformation

Fzq |Mpa
Zpg ey PD
Controller h
X

$a p PD
Controller
3
PD

Oq eq o 2
e Controller 4 &
Zha

Fig. 2. Block diagram of the active suspension

‘Vehicle Dynamics

Fus System

Fiey |
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In this study, three Proportional-Derivative (PD)
controllers in addition to their respective products of gain
and acceleration are used to determine the desired vertical
vehicle force, Fz4 and desired roll and pitch moments Mpq
and Mg, to reduce the heave, roll, and pitch motions
generated from acceleration or deceleration and turning.

The equations for the PD controllers are given as
follows:

Fua = kpge, + kazé, + kaya, (13)
Myg = kppey + kapéy + kaya, (14)
qu = kpqeq + kdqéq + kaxax (15)

where Kax, Kay, and ka; are the proportional gains for the
longitudinal, lateral, and vertical accelerations, ax, ay, and
az, respectively. kpz, kyy, and kye are the proportional gains
for the vertical, roll, and pitch errors, e;, e, and eg,
respectively. The derivative gains for the error rates for
vertical, roll, and pitch are denoted by Kkdz, kap, and ke,
respectively.

The first and second terms in Equations (13) to (15)
represent the PD controllers. The third terms represent the
product of the gain and the acceleration in each axis. The
errors are defined as:

€z = Zpa — Zpa (16)
ey = ba — Pa (17)
eq =04 —06, (18)

where znd, ¢pa, and 6q are the desired vehicle vertical
displacement, roll angle, and pitch angle, respectively.

Ideally, it is desired to have zero vertical displacement,
roll angle, and pitch angle on the vehicle, thus these
variables are set to zero. zva, ¢pa, and 6a are the actual
vertical displacement, roll angle, and pitch angle of the
vehicle, respectively.

111.2.  Decoupling Transformation

By using decoupling transformation provided by [27],
the desired vertical vehicle force and desired pitch and roll
moments can be converted into the active suspension
forces. The active suspension forces for each corner of the
vehicle by using the decoupling transformation are given
as:

Ly Fpq qu Mpd
2L+ L) 2(L+ L) 2Ly (19)
Fo. = L, Fpq _ Mga _ Mpa (20)
YTl + L) 2(Lp+ L) 2Ly
LsF, M M
url = a4 - (21)

2(Lp+ L) 2(Lp+L.) 2Ly

International Review of Mechanical Engineering, Vol. 17, N. 12
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— Lszd + qu _ @
2(Lp+1L,) 2(Lp+L.) 2Ly

urr

IV. Numerical Examples

In this section, simulations are conducted to verify the
vehicle model and to evaluate the performance of the
proposed controller. The two simulations performed to
verify the vehicle model are for the double lane change
and step steering input tests. The results of the simulations
are compared with CarSim, which is a vehicle dynamics
simulation software. Additional two simulations are
performed to evaluate the performance of the controller in
reducing the vertical displacement, vertical velocity, roll
angle, roll rate, pitch angle, and pitch rate errors.

IV.1. Verification of Vehicle Model

In this subsection, two verification results for the 10
DOF vehicle model are presented. For the verification
purpose, CarSim, which is a vehicle dynamics software, is
used.

The first verification test is a double lane change test
with an initial velocity of 90 km/h. The front steering
angle from CarSim is used as the input for the Simulink
model. The second verification test is a step steering input
test with a constant vehicle velocity of 50 km/h. A front
steering angle of 60 deg is given at 1 s and maintained
throughout the remaining duration of the simulation.

The comparisons between the responses for the lateral
acceleration, yaw rate, roll angle, roll rate, front slip angle,
and rear slip angle of the CarSim and Simulink models for
double lane change maneuver are shown in Fig. 3 to Fig. 8,
respectively. For Fig. 3 to Fig. 6, the red solid line
represents the response of the Simulink model while the
blue dash-dotted line represents the response of the
CarSim model.

[

s Simulink

o

[

=)

L‘n

Lateral Acceleration [m s'z]

o

o

Time [s]

Fig. 3. Lateral acceleration for double lane change maneuver

40

Yaw Rate [deg s'l]

Time [s]‘

Fig. 4. Yaw rate for double lane change maneuver

Copyright © 2023 Praise Worthy Prize S.r.l. - All rights reserved

584

s Simulink

CarSim

Roll Angle [deg]

Time [s]

Fig. 5. Roll angle for double lane change maneuver

Roll Rate [deg s‘]J

Time [s]

Fig. 6. Roll rate for double lane change maneuver

Left Tire Simulink
Right Tire Simulink
== == = Left Tire CarSim
Right Tire CarSim

Front Slip Angle [deg]

Time [s]

Fig. 7. Front slip angle for double lane change maneuver

Left Tire Simulink
Right Tire Simulink
== == = Left Tire CarSim
Right Tire CarSim

Rear Slip Angle [deg]

Time [s]

Fig. 8. Rear slip angle for double lane change maneuver

For Fig. 7 and Fig. 8, the red solid and the blue
dash-dotted line represent the left and right tire of the
Simulink model, respectively while the green dashed and
the magenta dotted line represent the left and right tire of
the CarSim model, respectively. Based on Fig. 3 to Fig. 8,
it can be noted that the Simulink model could reproduce
the responses that are generated by the CarSim model with
acceptable deviations. The absolute values of the lateral
acceleration and yaw rate of the Simulink model are larger
than that of the CarSim model as shown in Fig. 3 and Fig.
4, respectively. The roll angle and roll rate of the Simulink
model give higher absolute values than the CarSim model
as shown in Fig. 5 and Fig. 6. On top of that, the roll angle
and the roll rate are also roughly following the curves of
the CarSim model as compared to the lateral acceleration
and yaw rate.

International Review of Mechanical Engineering, Vol. 17, N. 12
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The front and rear slip angles of the Simulink model
could also follow closely with the CarSim model in Fig. 7
and Fig. 8, respectively. However, the rear slip angle of
the Simulink model does not follow the CarSim model at
approximately time t = 3.75, 4.50 and 5.75 s.

For step steering input maneuver, the Simulink and
CarSim models are compared for lateral acceleration, yaw
rate, roll angle, roll rate, front slip angle, and rear slip
angle in Fig. 9 to Fig. 14, respectively. The red solid line
represents the response of the Simulink model while the
blue dash-dotted line represents the response of the
CarSim model for Fig. 9 to Fig. 12. The red solid and the
blue dash-dotted lines represent the left and right tires of
the Simulink model, respectively while the green dashed
and the magenta dotted lines represent the left and the
right tire of the CarSim model, respectively for Fig. 13
and Fig. 14.

%)
T

= I
- o n
T T T T

Lateral Acceleration [m 5'2]
&
T

=]

L
2 2.5 3
Time [s]

0.5

=)

Fig. 9. Lateral acceleration for step steering input maneuver

151
== Simulink
=== === CarSim
™ ™ e e T —————

Yaw Rate [deg s'l]

2.5 3
Time [s]

Fig. 10. Yaw rate for step steering input maneuver

s Simulink
= CarSim

Roll Angle [deg]

25 3
Time [s]

Fig. 11. Roll angle for step steering input maneuver

= Simulink
=== CarSim

Roll Rate [deg s'l]

Fig. 12. Roll rate for step steering input maneuver

Copyright © 2023 Praise Worthy Prize S.r.l. - All rights reserved

585

Left Tire Simulink
= m == =+ Right Tire Simulink
== == Left Tire CarSim
--------- Right Tire CarSim

Front Slip Angle [deg]

2.5 3
Time [s]

Fig. 13. Front slip angle for step steering input maneuver

Left Tire Simulink
= m === Right Tire Simulink
== == Left Tire CarSim
Right Tire CarSim

Rear Slip Angle [deg]

| | 1 1 I )
2.5 3 35 4
Time [s]

Fig. 14. Rear slip angle for step steering input maneuver

Based on Fig. 9 to Fig. 12, the Simulink model
manages to follow the lateral acceleration, yaw rate, roll
angle, and roll rate from the CarSim model closely when
the steering input was given at 1 s. However, beyond 2 s,
the lateral acceleration and the yaw rate from the Simulink
model do not follow the CarSim model. Instead, the final
values of the lateral acceleration and yaw rate of the
Simulink model are higher than the CarSim model.

The roll angle of the Simulink model does not follow
the CarSim model after 2 s and the final value of the
Simulink model is lower than the CarSim model as shown
in Fig. 11. The roll rate of the Simulink model does not
follow the CarSim model after 2 s, but the final value of
the roll rate of the Simulink model is approximately equal
to the CarSim model in Fig. 12. The front slip angle of the
Simulink model can follow closely with the CarSim
model as shown in Fig. 13 while the rear slip angle of the
Simulink model has a larger absolute value than the
CarSim model as shown in Fig. 14.

IV.2. Effects of Controller

In this subsection, the performance of the active
suspension control system in reducing the vertical, roll,
and pitch motions are evaluated for two different tire-road
friction coefficients. In both simulations, the front wheel
steer angle and braking torque are given as inputs to the
vehicle at time t = 0.5 s. The inputs for the steer angle and
braking torque are shown in Fig. 15 and Fig. 16,
respectively. The steer angle given to the vehicle is a
single sine wave steer, which starts at 0.5 s and ends at 2.5
s with an amplitude of 3 deg. The braking torques for the
front and rear wheels Trand Tr are 350 Nm and 150 Nm,
respectively. By using these inputs, two simulations are
conducted and the vertical displacement, vertical velocity,
roll angle, roll rate, pitch angle, and pitch rate of the
vehicle are shown in Fig. 17 to Fig. 22, respectively.

International Review of Mechanical Engineering, Vol. 17, N. 12
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Steering Angle [deg]

0 0.5 1 1.5 2 2.5 3 3.5 4 4.5 5
Time [s]
Fig. 15. Sine wave steer input
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> | bememe—me—me—me—ma—ad
s
2200 F -
S
E 300
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Fig. 16. Braking torque inputs for front and rear wheels

Based on Figs. 17(a) and (b), the vertical displacement
of the vehicle oscillates upwards and downwards from its
original position for = 0.9 and 0.5 without the controller.

With the controller, the amplitude of the oscillation for
1 = 0.9 and 0.5 is reduced. The vertical velocity of the
vehicle is also reduced for 4 = 0.9 and 0.5 as shown in Figs.
18(a) and (b). Figs. 19(a) and (b) and Figs. 20(a) and (b)
show that the vehicle model with the controller achieves
lower maximum absolute values of the roll angle and roll
rate of the vehicle compared to that of the vehicle without
controller for 4 = 0.9 and 0.5. For ¢ = 0.9, the maximum
absolute values of the roll angle without and with
controller are 3.34 and 1.32 deg, respectively while the
maximum absolute values of roll angle without and with
controller are 2.01 and 0.80 deg, respectively, when x =
0.5.

3
Y=L - . . ; T T

Without Controller

Vertical Displacement [m]

T T T T T T

E 4 Without Controller | |

= ‘With Controller

E

2

5

o

=

Z

a

s

-2

-

>

0 0.5 1 1.5 2 25 3 35 4 4.5 5

Time [s]
(b)

Figs. 17. Vertical displacement of vehicle for (a) = 0.9 (b) x = 0.5
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Vertical Velocity [m/s]

Vertical Velocity [m/s]

Roll Angle [deg]

Roll Angle [deg]

Roll Rate [deg/s]

Roll Rate [deg/s]

Without Controller
=+ With Controller

0 0.5 1 2.5 3

Time [s]

Without Controller
With Controller

Time [s]
(b)
Figs. 18. Vertical velocity of vehicle for (a) ©x=0.9 (b) x=0.5

4 T T T T T T

Without Controller
=+ With Controller

Without Controller
With Controller

25 3
Time [s]

(b)
Figs. 19. Roll angle of vehicle for (a) x = 0.9 (b) x = 0.5

I
25 3
Time [s]

@)

Without Controller | 7
With Controller

|
25 3
Time [s]

(b)
Figs. 20. Roll rate of vehicle for (a) «=0.9 (b) ©=0.5
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The percentage of reduction for roll angle is 60.4% and
60.4% for 4 = 0.9 and 0.5, respectively. The maximum
absolute values of roll rate without and with controller are
12.00 and 7.02 deg, respectively for ¢ = 0.9. With = 0.5,
the maximum absolute values of roll rate without and with
controller are 7.26 and 3.20 deg, respectively. The
percentages of reduction in roll rate are 41.5% and 55.9%
for 1 = 0.9 and 0.5, respectively. The controller can also
reduce maximum absolute value of the pitch angle and
pitch rate of the vehicle as shown in Figs. 21(a) and (b)
and Figs. 22(a) and (b) for x = 0.9 and 0.5. The maximum
absolute values of the pitch angle without and with
controller for « = 0.9 are 0.28 and 0.17 deg, respectively
while the maximum absolute values of pitch angle without
and with controller for 4 = 0.5 are 0.28 and 0.16 deg,
respectively.

0.3

T T T
=== Without Controller
=== === With Controller

=
o

o

Pitch Angle [deg]

=3

0.1 L 1 L L ! L L L !

25 3
Time [s]

@

Pitch Angle [deg]

25 3
Time [s]

(b)
Figs. 21. Pitch angle of vehicle for (a) = 0.9 (b) x = 0.5

Pitch Rate [deg/s]

| | I
2.5 3 4.5 5
Time [s]

@

~ I
0 0.5 1

Pitch Rate [deg/s]

2.5 3
Time [s]

(b)

Figs. 22. Pitch rate of vehicle for (a) x = 0.9 (b) x=0.5
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The percentages of reduction for pitch angle for . =0.9
and 0.5 are 41.2% and 41.9%, respectively. The maximum
absolute values of pitch rate without and with controller
are 1.70 and 1.14 deg, respectively for 4 = 0.9. With x =
0.5, the maximum absolute values of pitch rate without
and with controller are 1.63 and 1.14 deg, respectively.

The percentages of reduction in pitch rate are 33.0%
and 30.4% for x = 0.9 and 0.5, respectively.

V.

In this study, a 10-degree-of-freedom vehicle model
with Dugoff’s tire model is used to simulate the vehicle
behavior. The vehicle is validated by comparing the
results with the model in CarSim by using the double lane
change and step steering input tests, in which the results
have showed that the vehicle model used in this study can
emulate the vehicle model in CarSim.

Proportional-derivative controllers with the addition of
the products of acceleration and gain were proposed to
calculate the desired vertical vehicle forces, roll moment,
and pitch moment to mitigate the vertical, roll, and pitch
motions of the vehicle. These forces are converted into
active suspension forces using decoupling transformation.

The performance of the controllers is evaluated by
giving single sine steer wave and braking torque inputs to
the vehicle. The vertical, roll, and pitch motions of the
vehicle are compared to the case without controllers. The
results have showed that the controllers successfully
reduce the vertical, roll, and pitch motions. This study
could be further improvised by including the models for
hydraulic actuator or magnetorheological damper to
obtain results that are more realistic. Future study could
also focus on the design of the combined control of active
suspension, active steering, and active braking in an
emergency lane change scenario and the effect of this
combined control on vehicle dynamics performance can
be investigated.

Conclusion
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