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ENHANCING CAR RIDE COMFORT USING A BALANCED
CONTROLLER DESIGN FOR SEMI-ACTIVE SUSPENSION SYSTEM

Vu Van Tan
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ABSTRACT

Automobile ride comfort quality is an important factor in car design. There are some approaches
that can be used to improve this characteristic, in which the researchers in Vietnam and in the
world are interested in the semi-active suspension system. This paper presents a balance control
method applied to the semi-active suspension system with two control strategies including on-off
and continuous balance controllers. The main idea of this method is that the force of the controlled
damping will change, so that the magnitude of the force is equal to that of the spring, but the
direction of the forces is the opposite. This will reduce the vertical acceleration of the vehicle
body. The simulation results in the time domain have been clearly shown by using the balance
control methods. The root mean square of the vertical displacement, pitch angle and their
accelerations decrease by 25-50%, compared to the passive suspension system.
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THIET KE BQ PIEU KHIEN CAN BANG CHO HE THONG TREO
BAN TICH CU'C PE NANG CAO PQ EM DIU CUAO TO

Vii Vin Tan
Truong Pai hoc Giao théng Van tai - Ha N¢gi - Viét Nam

TOM TAT
Do ém diu chuyén dong 1a mot yéu t6 quan trong trong viée thiét ké 6 t6. C6 nhidu cach tiép can
¢6 thé duge sir dung dé nang cao dic tinh nay, trong d6 cc nha nghién ctiru Viét Nam va thé gisi
quan tdm dén hé thong treo ban tich cuc. Bai bao nay gidi thidu phuong phap diéu khién can bang
duogc st dung cho hé théng treo ban tich cuc v6i hai chién lugc diéu khién bao gém bo diéu khién
cén bang on-off va lién tyc. Y tudng chinh cuia chién luge nay 1a luc giam chan dugc diéu khién
thay dbi sao cho c¢6 bién do bang véi luc cua 10 xo nhung nguoc déu. Didu nay s& giam gia toc
thing dung cua than xe. Két qua mo phong trén mién thoi gian chi 16 ring bang cach sir dung
phuong phap diéu khién can bang, gia tri sai léch binh phuong trung binh cua dich chuyén than xe,
goc lac doc than xe va gia toc ctia chiing giam tir 25% dén 50% so voi hé thong treo bi dong.
Tw khéa: Dong luc hoc 6 16, Diéu khién can bdng; bBo ém diu; Hé théng treo; Hé théng treo ban
tich cuec.
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1. Introduction

The modern vehicle is an extremely complex
system which consists of multi-subsystems in
order to enhance driving comfort, stability
and safety, thanks to either passive or active
solutions using various actuators. Together
with many recent breakthroughs in the
automotive industry, many studies have been
fulfilled on either the suspension control
aspects or the steering-braking control
strategies, or a combination of them [1], [2].
When driving, the road surface is the main
source of disturbance causing vehicle
vibration that influences driver and
passengers. That is why when we travel by
cars, many people get car sick or tired. The
study of suspension systems is one of the
most effective ways to improve ride comfort.
There are currently three main types of
suspension system, the first being a passive
suspension fitted with a damper and an elastic
element, the second being an active
suspension fitted with active actuators- this
type usually consumes a lot energy and high
price, the third type is semi-active suspension
system. Because of economical energy
consumption and good ride quality, the semi-
active suspension system is a key interest for
many researchers.

Semi-active suspension systems have been
studied since 1970 [1]. Nowadays they are
quite popular in modern vehicles with the
layout as shown in Figure 1. Several control
design problems for suspension system have
then been tackled with various approaches
during the last decades. In [3], the authors
presented several control strategies for semi-
active suspension system (based on the Sky-
hook, Ground-hook, ADD, and LPV
approach). Some other works using a quarter
car model have dealt with optimal control in
[4], adaptive control in [5] or robust linear
control in [6]. Suspension control problems
have also been resolved using a half car
model as in [7] using an optimal control, [8]

multi-objective control and [9] decoupling
strategies. In addition, fuzzy control is also
interested by many authors. Finally, a full car
vertical model has been considered to handle
simultaneously the bounce, pitch and roll
motions, as in [10] using a mixed H,/H,, multi-
objective control, and in [11], [12] developing
H,, controllers for two decoupled vehicle
heave-pitch and roll-warp subsystems. In
addition, the study of actuators for semi-active
suspension is also carried out on two typical
types: ER and MR dampers [13], [14], [15].

Accelerometer

Figure 1. Controlled suspension system in a car

The main contribution of this paper is to
propose a new balance control strategy to
enhance the car vertical dynamics (ride
comfort) using suspension actuators only.
The half car model is used to evaluate the
effect of the proposed method. The simulation
results show that the Root Mean Square of the
vertical acceleration and pitch acceleration of
the wvehicle body according to random
disturbance is reduced 25-30%, compared to
the passive suspension system.

The paper is structured as follows. Section 2
is devoted to the brief description of the half
vehicle model used for synthesis and validation.
Section 3 presents the balance control strategy
with the aim of enhancing the car ride comfort.
Section 4 describes the simulation analysis in
the time domain. Finally, some conclusions are
given in the last section.

2. Vehicle modelling

In this work, a half car vertical model is used
for the analysis and control of the vehicle
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dynamic behaviors as shown in Figure 2. The
model has 4 degrees of freedom: vertical
displacement of center of gravity Zs, pitch
angle ¢ and vertical displacements of
unsprung masses Zj, Z,. fy and fy, are the
damping forces from the semi-active
dampers.

/’?’( Z3

- T—§ b m

=i

Figure 2. Half vehicle longitudinal model
The dynamic equations are given as:

J ¢ = _|:k12'(zl _zll) + Cl'(zl_ Zi):|'|f

D)

"{kzr(zz _2‘2)+C2-(22_Zé):|'|r _lf'fd1+ Ir-fdz
ms-zs =k (Z,=2,) +Ky(Z, - Z;)
+¢,(Z,-Z)+¢,(Z2,-Z,) — fy — fup

m,. Z"1 = _ku'(z1 - ql) + klZ'(zi - Zl) + Cl'(zi_ Zl) + fdl

mz-zuz = _kzl'(zz _q2)+ kzz-(zé —ZZ)+CZ.(Z.‘2—Z.2)+ fdz
Z. =Z,—opl

where: { 2P 2

Z,=7Z,+¢l
Equation (1) can be written in the State-Space
representation:
X = AX+ BU

©)

Z=Cx+Du

.
where: x:[goZSZlZz(ngzlzz}: the

.
state vector; Z :[@Z3 F FZ} . the output

vector; F, =k;;.(Z, —q,): the dynamic wheel
load at the front axle; F,=Kk,,.(Z,—0,):

the dynamic wheel load at the rear axle;
u=[f, f,,q 0] : te input vector
(disturbance).

The parameters and symbols of this model are
shown in Table 1.
Table 1. Parameters of the half vehicle model

Description Symbols  Value Unit

Unsprung mass at the

fron?axlg/rear axles MM 36/36 kg

Sprung mass m3 540 kg

Moment of inertia J 14.10° kgm®

Stiffness coefficientof | 16.10% N/m

the front/rear tyres W 16.10*

Stiffness coefficient of 16.10%

spring at the front/rear  Kiy Ko, "3 N/m
16.10

axles

Damping coefficient at e 1400/ N.s/m

the front/rear axles v 1400 '

CG distance from the I, 16/14 m

front/rear axles

3. The balance control strategy for semi-
active suspension system

In order to design the balance controller for
the semi-active suspension system with the
half vehicle model as Figure 2, in this section
we consider a simple quarter car model
(Figure 3.a) with the disturbance X(t), the
stiffness coefficient of spring k and the
damping coefficient c.
T x(t)

m

Command
inputs

x(1) L
m

Y

Controller

]

Xk

BN
b)
Figure 3. A simple quarter car model:

a) Passive suspension system
b) Semi-active suspension system
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The dynamic equation is given in the
following form:

m. X+ F+F, =0 (4)
where: F, and Fy4 are the spring and damping

forces, respectively.
F, =k(x—=x,) (5)

F, = c(X—Xo) (6)
The relations between m.f<, Fr and Fq4 in

case of a sine way disturbance are shown in
Figure 4.

Time
Figure 4. Relation between the forces acting on
the sprung mass “m” in case of an harmonized

excitation: : Damping force (Fg); ------- :

Spring force (Fy) and .........: Inertial force (M X)
The amplitude of the acceleration of the

sprung mass “m’” in the harmonized excitation
depends on the damping force and the spring

force due to the following equations [12]:

T
L, <t<t,+—
=Dl IFe )

m t0+£<t<to+3—7
2 4

T T
t —<t<t —
_IRd-IFd] TATITR T ()
m

X

3
to+f<t<to+r

where: t, is the time during, which the spring
force is “zero”; v is the frequency of
vibration.

During vibration, one would like to have

smallﬁ(, however in accordance with
equations 7, 8 and Figure 4, the rise of the

damping force causes increment of the
amplitude of the acceleration in one part of
the cycle of vibration. After that the

amplitude of x will be reduced if Fy, and Fyq
have the same magnitude. When increasing
the excitation frequency, it is dominated by
the damping force Fq. In order to reduce the
amplitude of the acceleration, a semi-active
suspension system is proposed as in Figure
3.b. It might use active or semi-active
dampers, which can be hydraulic damper with
throttle, friction damper, MR damper, ER
damper, electromagnetic damper, etc. Here,
we would like to consider a new balance
control strategy, which combines the harmony
of the three forces mentioned above.

This strategy maintains that the damping
force increases the acceleration of the sprung
mass when the damping force and the spring
force have the same sign. There are 2 states of
damper: On state and Off state. The “off”
state is existed when the damping and spring
forces acting on the sprung mass have the

same direction ((X— XO)(X— XO) >0), and

2

vice versa at the “on” state

((X_ Xo)(x_ Xo) < 0).
damping force is against the spring force and
the strategy is called the Balance Control.

when

Therefore, the

3.1. The continuous balance control strategy
In order to maintain the equality of damping

13 2

and spring forces at the “on” state, the
damping force from the semi-active damper

K(x=%) (-X)x-%)<0 ()

0 (X—X,)(X—X,) >0

Therefore, the damping coefficient of the
semi-active damper is defined in equation
(10) and shown in Figure 5.

—k(X—X,)

is: =

(X=%)(X=%) <0
Con=1 XX (10)

0 (X—X,)(X=%;) >0
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Figure 5. The value of Cs, with respect to
(X—X,) and (x— XO)

We can see that when the relative velocity

(X—X,) is very
coefficient is closed to infinity, which cannot
happen for the real damper. Therefore, the
damping coefficient for the semi-active
damper Csa must continuously vary within
the interval (Cpax, Cmin) according to the
manufacturer’s desire. The value of Csa Can
be determined as the following:

small, the damping

| —k.(x—X,)
max| Cyyy, Min| ————=,Cp o || (X=X)(x=%,) <0
Ca= |: { X=Xo H (11)

Con ' (X=%)(X= %) >0

In this case, the value of the damping force is
plotted as Figure 6.

X =X, 0
X = X,

Figure 6. Damping force Fsa with respect to

(X—X,) and (X— XO) in case of the continuous
balance control
3.2. The “On-off” balance control strategy

The “on-off” balance control strategy is
studied to simplify the working of the
damper. In the two states, the semi-active
damper is controlled at the maximum state or
the minimum state (high and low states),
correspondingly. In this case, the damping
force is determined as:

Con (X_ Xo) (X - Xo)(x_ Xo) <0 (12)
0 (X—%,)(X=%,) >0

where: Co, is the damping coefficient of the
“on-off” damper at the “on” state.

The relation between the damping force in the
“on-off” balance control with (Xx—X,) and

FSA =

(X— Xo) is shown in Figure 7.

\\\\\\\\

Figure 7. Damping force Fgsa With respect to

(X—X,) and (X— XO) in case of the “on-off”
balance control
4. Simulation analysis

In this section, we evaluate the effect of the
proposed controller in order to improve ride
comfort. The two controllers (continuous and
On-Off Balance Control strategies) are
compared with the passive suspension system.

4.1. Road surfaces

When a car is moving on the road, the road
profile is a random form with the frequency
range from 0 to a maximum of 20 Hz. In this
study, the author uses three basic types of the
road profile: step, sine wave and random to
evaluate the controller performance. They are
described as in Figure 8 [16].

Y Yl i H
0.0lm 0.01m !
1
[
—
. L
5

0.6m

"0 100 200 300 00 500 600
€) e fm

Figure 8. Road profiles: a) Step profile,
b) Sine wave profile, c) Random profile
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4.2. Evaluation criteria

The ride comfort level is evaluated by Root
Mean Square (RMS) of the wvertical

acceleration  (RMS(Z,)) and  pitch

acceleration (RMS(¢)) of the vehicle body
according to the random profile and the
amplitude peaks with the step and sine wave
profiles. Moreover, the Root Mean Square of
the dynamic wheel loads at the two axles are
used to assess the road handling
characteristic.

RMS(Z,) =

4.3. Results and evaluations of the balance
control strategies

0.3

N

o

U

4 dd [rad/s?]

o

5
S
-
_—
<

o
»

i P
----- On-Off balance controller
----Continuous balance controller

o
>
o

10

T.mse[s]
b)
Figure 10. Time response of the sprung mass

Figure 10 shows the time response of the
sprung mass including vertical displacement,
pitch angle accelerations. In this case, the
vehicle speed is considered at 54 km/h, with
the sine wave road profile at the frequency of

5 rad/s. The solid line represents the case of
the passive suspension, the dashed line
represents the On-Off balance control case,
and the dashed-dotted line is the continuous
balance control case. The simulation results
show that the active control system using
balance controllers with this type of road
profile is reduced by 50%, compared with the
passive suspension system.

In order to accurately assess the effectiveness
of the proposed control method, the author
uses two important criterias: the amplitude
from the peak to the peak of the signals and
their root mean square. The road surface in
this case is a random profile of the national
road Ha Noi - Lang Son as shown in Figure
8c. The vehicle speed in this case is 72 km/h.
Figure 11 shows the result of the comparison
between the three cases: semi-active
suspension using the two balance controllers
and the passive suspension system. Here,
please understand that the signals regarding
the passive suspension system are considered
of 100%.

P2P (Pick-to-Pick )

100

%0

80 1

70 4 g

60 "

W phi

8 50 P

0 OFL

30 or2

20

10

0 .
1 2
1-Continuous Balance control; 2-On-Off Balance control
a)

RMS (Root Mean Square)

100
90
80
70 g
60
g 5 B phi
40 oF1
30 OF2
20
10
0
1 2
1- Continuous Balance control; 2- On-Off Balance control
b)

Figure 11. Comparisons between semi-active
suspension system using balance control
strategies and passive suspension system:

(a- Step profile; b- Random profile)
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It is indicated in the results that ride comfort
criteria values in the case of semi-active
suspension system using balance control
strategies are smaller than the ones of passive
suspension  system  (100%). For the
continuous  balance  control  strategy
RMS(Z,), RMS(¢) are just 70%, and 75%
in comparison with the “on-off” balance
control strategy. In addition, the simulation
result of the dynamic forces (F; ;) between the
wheels and the road shows that the use of the
semi-active suspension system also increases
the road holding criteria, which increases car
safety during vehicle motion.

5. Conclusion

Semi-active suspension system haves been
studied extensively worldwide to improve
ride comfort of cars. The present paper
introduces the continuous and ‘“on-off”
balance control strategies. The simulation
results in the case of 4-degree of freedom car
model showed the efficiencies of the control
balance strategies in order to enhance ride
comfort, compared with the passive
suspension system. With a reduction by 25-
50% of the root mean square of the
corresponding signals, it has been shown that
the balanced control method can achieve the
same effect as the advanced control method
such as the optimal control, robust control,
etc. Meanwhile, this method is much simpler
in its application.
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