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Abstract: In order to analyze and evaluate the performance of
the air suspension system of heavy trucks with semi-active
fuzzy control, a three-dimensional nonlinear dynamical model
of a typical heavy truck with 16-DOF (degree of freedom) is
established based on Matlab/Simulink software. The weighted
root-mean-square (RMS) acceleration responses of the vertical
driver’s seat, the pitch and roll angle of the cab, and the
dynamic load coefficient ( DLC) are chosen as objective
functions, and the air suspension system is optimized and
analyzed by the semi-active fuzzy control algorithm when
The
results show that the influence of the roll angle of the cab on

vehicles operate under different operation conditions.

the heavy truck ride comfort is clear when vehicles move on
the road surface conditions of the ISO level D and ISO level E
at a velocity over 27.5 m/s. The weighted RMS acceleration
responses of vertical driver’s seat, the pitch and roll angle of
the cab are decreased by 24%, 30% and 25%, respectively,
when vehicles move on the road surface condition of the ISO
level B at a velocity of 20 m/s. The value of the DLC also
significantly decreases when vehicles operate under different
operation conditions. Particularly, the DLC value of the
tractor driver axle is greatly reduced by 27. 4% when the
vehicle operates under a vehicle fully-loaded condition on the
road surface condition of ISO level B at a velocity of 27.5 m/s.
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O ne of the most important requirements of the heavy
vehicles is to improve the ride comfort and road
friendliness. In order to solve these problems, the heavy
vehicle suspension system ought to be able to isolate the
sprung mass from road-induced disturbances as well as re-
ducing the dynamic load coefficient (DLC) of tire forces
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from the heavy vehicle axles within the limit of the work-
ing space under different operation conditions.

The passive suspensions were widely used in the heavy
vehicles before. The air suspensions and semi-active sus-
pensions are widely studied and improved due to their ca-
pability to consume less power and provide better ride
quality. Many researchers have reported that using the
semi-active suspensions for the vehicles can improve ride
comfort and reduce dynamic tire forces'' ™.

Some control methods, such as the fuzzy logic control
(FLC)"™, FLC-skyhook and FLC-PID control”™,
FLC-H,,, MR fluid damper and skyhook-NFLC con-
trol'™™ , are applied to adjust the damping coefficient of
the vehicle suspension system. However, the quarter-car
dynamic models are used in most of the research.

Yagiz et al. """ used a half vehicle with 5-DOF and ap-
plied the FLC to control vehicle suspension. Yoshimura
et al. ""used a half vehicle with 6-DOF and applied the
FLC-Skyhook damper to control active suspensions. Ie-
luzzi et al. ' established a half-heavy truck model and
applied the skyhook method to control the suspension sys-
tem of the tractor driver. All the above research aims to
improve vehicle ride comfort.

The air suspension system with air springs is chosen in-
stead of conventional steel springs since air springs can
effectively reduce the effect of the disturbance from the
road input and also easily adjust to the ride height on-
board. Buhari et al. " studied the effect of the air sus-
pension of heavy trucks by comparing the dynamic load
coefficient of tire forces with steel suspension, and
showed that the DLC’s value was greatly decreased by air
suspension. Xie et al. " applied the FLC-PID controller
to control the semi-active air suspension of heavy vehicles
by using the half-vehicle model and showed that the ride
comfort and tire loads are significantly improved. All the
proposed results show that the performance of the air sus-
pension control system can not only increase ride comfort
but also reduce road damage. However, the effect of the
roll vibration of the full vehicle on ride comfort has not
yet been considered in these studies.

This paper proposes a 3D dynamic model of a typical
heavy truck with 16-DOF; the weighted RMS acceleration
responses of vertical driver’s seat, the pitch and roll angle
of the cab, and the dynamic load coefficient (DLC) val-



160 Nguyen Van Liem, Zhang Jianrun, Le Van Quynh, Jiao Renqgiang, and Liao Xin

ue are chosen as the objective function; and a FLC pro-
gram is developed based on Matlab/Simulink software.
The semi-active fuzzy controller is then applied to control
the damping coefficients of the air suspension system and
the performance of the air suspension system is analyzed
based on the objective functions when vehicles operate
under different operation conditions.

1 Heavy Truck Model

1.1 Heavy truck dynamic model

A three-axle heavy truck with the dependent suspension
systems for the steering axle, the tractor driver axle and
the trailer axle is selected for vehicle dynamic analysis. A
3D model of vehicle with 16-DOF is established to ana-
lyze the performance of the air suspension system with
semi-active fuzzy control (see Fig.1).
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Fig.1 3D dynamic models of the three-axle heavy truck. (a)

Side view; (b) Front view

In Fig. 1, Z, are the vertical displacements at the centre
of gravity of the driver’s seat, the cab, the tractor driver,
the trailer and the axles; ¢,, ¢,, ¢, and 6, are the angu-
lar displacements at the centre of gravity of the cab, the
tractor driver, the trailer and the axles; m; are the sprung
masses of the driver’s seat, the cab, the tractor driver and
the trailer; m,,,
the steering axle, the tractor driver axle and the trailer ax-
le; F,, F o and F, are the dynamic reaction forces of the
suspension systems of the driver’s seat, the cab, the trac-
tor driver and the trailer; F, is the dynamic reaction force
of the articulation connection between the tractor driver

m, and m_ are the unsprung masses of

and trailer; F,, are the dynamic reaction forces of the
wheels; ¢, is the random road surface; [, b,, b, and b,
are the distances of the vehicle (i=1,2,...,7; j=1,2,3,

4; k=2,3,...,7; u=1,2,...,6; m=1,2,...,8).

Based on the heavy truck dynamic model in Fig. 1,
Newton’s second law is chosen in this study. The general
dynamic differential equation for the three-axle heavy
truck is given by the following matrix form:

MZ +CZ +KZ=C.0 +K.Q (1)

where Z is the vector of displacement; M is the mass ma-
trix; C is the damping matrix of the suspension system;
K is the stiffness matrix of the suspension system; C; is
the damping matrix of the wheel system; K. is the stiff-
ness matrix of the wheel system; @ is the vector of exci-
tation of the road surface.

1.2 Semi-active controlled air suspension model

The suspension systems of the tractor driver and the
trailer are used by the rolling lobe air springs and viscous
dampers which are controlled by semi-active fuzzy con-
trol, as shown in Fig.2.

(b)

Fig.2 Air suspension model. (a) Semi-active air suspension; (b)
Air spring

In Fig.2(a), the equation of dynamic reaction forces
of the air suspension system can be written as

F=K(z,-2) +(C, +C.,) (2, - 3,) (2)

where K is the air spring stiffness coefficient; C, is the

passive damping coefficient; C is the semi-active

damping coefficient; z =z, —z, and 7 =7, - 7, are the rel-
ative displacement and velocity of the air suspension.

The air spring stiffness coefficient K is determined
based on the experimental data and the laws of the ther-
modynamics method''*'. In this study, the air spring stiff-
ness coefficient is calculated by a new method based on
the variation of volume, area, and other structural param-
eters of the interior air spring.

The air spring stiffness can thus be obtained by the de-
rivative of ratio elastic force and the displacement of the
air spring, as shown in Fig.2(b), as follows:

d(p.A.) dA,

1 dV, 3
V, dz (3)

dz ¢ dz

—-nA.(p, +p.)

The effective volume and area are defined as

V.=V, —a,z, A, =4, + a,2 (4)

Based on the laws of thermodynamics“sl,

pression or expansion stroke of the air spring changes

if the com-
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quickly, it can be regraded to be an adiabatic process.
Thus, the air state of the air spring can be defined as

(p.+P)Vi=(p,+p)V, (5)

where V,, A, and z are the effective volume, area and the
instantaneous height variation of air spring; V, and A, are
the initial effective volume and area; «, and «, are the
change of V, and A, with respect to z; p,, p, are the air
pressures of initial and final state; p, is the standard at-
mospheric pressure (0.1 MPa); and n is the specific heat
ratio (n=1.33).

Substituting Egs. (4) and (5) into Eq. (3) and apply-
ing Eq. (3) for the stiffness of air springs, we have

n

K= [nrra () =pJan +

Vo —auz;
V» n
) e ©

Ay + al+lzi)(
Vi —auz;

[n(po,- +pﬂ)(

Vo — ez,
where [ =1 wheni=1, 2; [ =3 wheni=3,4,5,6.
2 Design of Fuzzy Logic Control Model

The FLC was created by Zadeh in 1965. It has been
widely applied in various situations and fields. The fuzzy
logic-based control for semi-active suspension of vehicle
is proposed and the capability for the improvement of ride
comfort are studied by simulation. In this study, in order
to control the semi-active air suspension system, six pas-
sive air suspension systems should be controlled separate-
ly. Thus, six different fuzzy controllers are designed.
However, the design process of these controllers are the
same, thus a specific fuzzy control is designed and ap-
plied to control the air suspension system.

The FLC consists of a fuzzification interface, a fuzzy
inference system and a defuzzification interface. First,
the crisp values in fuzzification are transformed into lin-
guistic variables. The fuzzy inference system is then used
by the fuzzy rule in accordance with the inference rule.
Finally, the linguistic variables are transformed back to
crisp values through defuzzification' ™. In this study, the
relative displacement z and the relative velocity Z are con-
sidered as two input variables, while the damping coeffi-
cient C_; is the output of the semi-active fuzzy control-
ler.

The nine linguistic variables of input and output varia-
bles are defined, such as the positive very big (PVB),
positive big ( PB), positive medium ( PM), positive
small (PS), zero (Z), negative small (NS), negative
medium (NM), negative big (NB), negative very big
(NVB) and y,(i=1,2,...,9).

The membership functions for input and output variables
of the semi-active air suspension system are represented by
a fuzzy set. The shape of membership functions is the tri-
angular function and the value of the degree of member-
ships (DOM) is between O and 1, as shown in Fig. 3.
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Fig.3 Membership functions for input and output variables of
the air suspension system. (a) z; (b) z; (¢) C

semi

In this fuzzy controller, the if-then rules are applied to
describe the relationship of z, Z and C_; according to the
designer’s knowledge and experience. There are at most
81 possible rules, and the fuzzy rules are given in Tab. 1.

Tab.1 Rules for fuzzy control

z
NVB NB NM NS Z PS PM PB PVB
NVB Vs Yo Y7 Ve Vs V4 V4 V3 Y3
NB Y3 Vs Vg Yo Vs Y4 Y3 Y3 Y3
NM i Y2 Vs Y7 Vs Y3 Y3 Y3 Y2
NS i i i Vs Vs Y3 Y2 Y2 Y2
Z i i i i Vs i i i i
PS Y2 Y2 Y2 V3 Vs Vs i Y i
PM Y2 Y3 y3 V3 Vs Y7 Vs Y2 i
PB Y3 Y3 Y3 V4 Vs Y6 Y8 Vs Y3
PVB Y3 V3 V4 V4 Vs Vs Y7 ) Vs

The fuzzy inference system is selected by the minimum
function and the centroid method of Karray and Mamdani
‘1 In this paper, the fuzzy inference system of
Mamdani is used to control the air suspension systen model.

et al'

3 Evaluation Criteria

3.1 Basic evaluation method

According to the international standard ISO 2631-1'"*,
the effect of vibration on driver ride comfort is evaluated
based on the weighted root-mean-square (RMS) accelera-
tion response, which is defined as

172

a, = [+ :ai“dt] (7

where a, is the acceleration (translational and rotational)
depending on the time of measurement 7.

The weighted RMS acceleration responses of the verti-

«s» the pitch and roll angle of the cab,

a,, and a,,., can be calculated from Eq. (7), and the re-

sults are compared with a_,, as given in the international

cal driver’s seat a

wz?
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standard ISO 2631-1.
3.2 Dynamic load coefficient

The DLC is frequently used to characterize dynamic

loading of axles and it is defined as'"”

FT rms
DLC:F'— (8)

st

where F., is the RMS of the vertical dynamic wheel
load, and F is the average vertical wheel load.

The DLC’s value is in the range of 0.05 to 0.3 under
normal operation conditions. The DLC’s value can reduce
to zero when the wheel moves on a special smooth road

or increases up to 0.4 when the wheel-road contact is bro-
(19]

T, rms

ken
used to analyze the vehicle-road interaction.

In this study, the dynamic load coefficient is

4 Road Surface Roughness

The road surface is a random excitation, which impacts
not only on vehicle-road interaction but also on the
vehicle’s fatigue life. The random excitation of road sur-
face roughness can be represented by a randomly modula-
ted periodic. The general form of the displacement power
spectral density (PSD) of road surface roughness is deter-

mined by the experimental formula™” :

-

n
G,(m) =Gy(m) ] 9)
where n is the space frequency; n, is the reference space

frequency, n,=0.1 m"'

; G,(n) is the road roughness
constant or PSD of the road surface under the reference
space frequency n,; w is the frequency index which deter-
mines the frequency configuration of the PSD of the road
surface (w =2 rad/s). The random road is assumed to be
a zero-mean stationary Gaussian random process, and it

can be generated by the Fourier transformation as
N
q(t) =Y, /2G (n,)Ancos(2mn,t + ¢,)  (10)
i=1

where ¢, is the random phase uniformly distributed from 0
to 2.

According to the standard 1ISO/TC 8068™"', the road
surface roughness is established in this study.

5 Results and Analysis

The purpose of this study is to analyze the performance
of the air suspension system based on the objective func-
tions when vehicles operate under different operation con-
ditions. The parameters of the three-axle heavy vehicle is
given in Tab. 2.

5.1 Simulation control air suspension system

In order to control the air suspension system of heavy
trucks with the semi-active fuzzy control, simulations are

Tab.2 Parameters of the three-axle heavy truck'"!

Parameter Value Parameter Value
m./kg 85 b,/m 0.4
m./kg 500 by/m 1.0
my/kg 3 600 Agy ,/m? 0.028 1
m/kg 12 500 Ags.4/m? 0.090 6
my /kg 270. 1 Ags. ¢/ m* 0.090 6
m,/kg 520. 4 Vop.p/m’ 0.007 8
my/kg 340.0 Vis.4/m’ 0.0322

l,/m 0.2 Vos./m’ 0.032 2
L,/m 0.8 Poi.»/MPa 0.134

l3;/m 1.3 Do, s/ MPa 2.860

I,/m 4.1 Pos.¢/ MPa 1.035

Is/m 6.9 @ 0.059 0
ly/m 4.0 o 0.018 6
I;/m 1.2 o3 0.127 0
l/m 4.8 oy 0.030 7
b,/m 0.3

carried out when vehicles operate under different opera-
tion conditions. The simulation results of the acceleration
responses of driver’s seat, the pitch and roll angle of the
cab when vehicles move on the road surface condition of
ISO level B at v =20 m/s are shown in Fig. 4.

With the passive air suspension system of heavy
trucks, the weighted RMS acceleration response of the
cab roll angle is increased by 16.6% in comparison with
the cab pitch angle (see Fig.4(c) and Tab. 3). Thus, the
roll angle of the cab clearly affects ride comfort and
driver’s health.

apc/(rad cs72)

s72)

a./(rad +

Time/s
- Passive; —— Fuzzy control

(¢)
The accelerations of the driver’s seat and cab. (a)
Driver’s seat heave; (b) Cab pitch angle; (c) Cab roll angle

Fig. 4
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Tab.3 Control performance with the fuzzy control

Tab.4 Percentage reduction of weighted RMS acceleration re-

Parameters Passive Fuzzy control Reduction/ % sponses %
ay/(m + s72) 0.42 0.32 24.0 Road surface roughness
_n Parameters
Aype/ (1ad = s77) 0.10 0.07 30.0 Level A Level B Level C Level D Level E
a,,./(rad + s72) 0.12 0.09 25.0 Ay 12.3 24.0 12.0 23.8 -3.8
DLC 0.09 0.07 22.2 Aype 24.0 30.0 17.0 16.4 10.7
Frp s/ kKN 4.62 3.51 24.0 e 25.0 25.0 16.7 13.9 3.2

The air suspension system is controlled by the semi-ac-
tive fuzzy control, as shown in Figs.4(a), (b) and (c¢),
the acceleration responses of the driver’s seat, the pitch
and roll angle of the cab are reduced in comparison with
the passive air suspension system. The results in Tab. 3
show that the weighted RMS acceleration responses of the
driver’s seat, the pitch and roll angle of the cab are signifi-
cantly reduced by 24% , 30% and 25% . According to the
standard 1SO 2631-1""* , the driver feels a little uncomfort-
able. The DLC’s value and the RMS dynamic tire forces
on the tractor driver axle are also decreased by 22.2% and
24.0% in comparison with the passive air suspension sys-
tem. Consequently, the air suspension system of heavy
truck with the semi-active fuzzy control not only increases
the ride comfort but also reduces the road damage.

5.2 Effect of road surface roughness

Five road conditions from Level A (very good) to Lev-
el E (very poor) in ISO/TC 8068 are chosen to simu-
late and analyze the effect of road surface roughness on the
air suspension system of heavy trucks at v =20 m/s.

Fig. 5 shows that compared with the cab pitch angle,
the weighted RMS acceleration response of the cab roll
angle is increased with the passive air suspension system.
Specifically, the weighted RMS acceleration response of
the roll angle of the cab is increased by 25. 5% and
30.8% on the road surface conditions of ISO level D and
ISO level E. Thus, the influence of the roll angle of the
cab on the heavy truck ride comfort is very clear.

1.0
— © —Cab pitch angle

—*—Cab roll angle

. 572)

0.5

a_/(rad

wz

A B C D E
Fig.5 Weighted RMS acceleration responses of cab pitch and
roll angle with the passive air suspension system

The simulation results in Tab. 4 show that the weighted
RMS acceleration responses of the vertical driver’s seat,
the pitch and roll angle of the cab are significantly re-
duced in the air suspension system of heavy trucks with
semi-active fuzzy control; particularly, when vehicles
move on the road surface condition of ISO Level B. They
decrease by 24% , 30% and 25% , respectively. Howev-
er, the weighted RMS acceleration responses of driver’s

seat on ISO Level E road surfaces is increased by 3.8% .

Fig. 6 shows that the DLC’s values of dynamic tire
forces at each axle are significantly reduced in comparison
with those of the passive air suspension system, particu-
larly at the tractor driver axle. However, the values at the
tractor driver axle are the maximum and thus the impact
on road damage is also the greatest.

0.5 - — e - Passive (tractor axle)

— & - Passive (trailer axle)

0.4 | — % — Passive (steering axle)

—oe—Fuzzy control (tractor axle)

0.3 |- —=—Fuzzy control (trailer axle) -

—x*—Fuzzy control (steering axle/)/ g
7

DLC

0.2

0.1

Level

Fig.6 The DLC’s values of dynamic tire forces on different
road surfaces

The results in Tab. 5 also show that the maximum
DLC’s values at the tractor axle of the air suspension sys-
tem with semi-active fuzzy control on road surface condi-
tions from ISO level A to ISO level D are 0.03 to 0.25.
Thus, the DLC’s value is under normal operation condi-

U519 However, the DLC’s value is greatly in-

tions
creased by 0.47 when vehicles move on road surface un-
der the condition of ISO Level E, and when the wheels-

road contact of the tralor driver axle is broken.

Tab.5 Results of DLC on the tractor axle

DLC .
Road surface - Reduction/ %
Passive Fuzzy control
Level A 0.04 0.03 25.0
Level B 0.09 0.07 22.2
Level C 0.18 0.13 27.7
Level D 0.29 0.25 13.8
Level E 0.52 0.47 9.6

5.3 Effect of vehicle velocity

A range of vehicle velocities under different loading
conditions ( half-loaded, fully-loaded and over-loaded ve-
hicles) on the road surface of ISO Level B is chosen to
simulate and analyze the performance of FLC.

Figs.7(a), (b) and (c) show that the weighted RMS
acceleration responses of the driver’s seat, the pitch and
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roll angle of the cab are significantly decreased in com-
parison with those of the passive air suspension system
under different loading conditions. When the vehicle ve-
locities range from 10 to 12.5 m/s, the weighted RMS
acceleration response of the roll angle of the cab is greatly
decreased. Meanwhile, the weighted RMS acceleration
response of the pitch angle is slightly decreased. It is
found that the weighted RMS acceleration responses of
the driver’s seat, the pitch and roll angle of the cab are
significantly reduced at velocities from 17.5 to 20 m/s.
This implies that dirver’s ride comfort is significantly im-
proved. In fact, the weighted RMS acceleration responses
of the pitch and roll angle of the cab increase at a velocity
of 27.5 m/s in both the passive and semi-active air sus-
pension systems.

~ 0.6
2 058~ e

& -
= | ~
N, 0'4;% ?-‘e“e-—-e-—-e._e__o

S 03 J

—F——p—p

5 10 15 20 25 30
Velocity/(m » s71)
(a)

1
5 10 15 20 25 30
Velocity/(m » s ™)

—e - Passive (fully-loaded vehicle)

—=— Fuzzy control (over-loaded vehicle)
—*— Fuzzy control (over-loaded vehicle)
= Fuzzy control (over-loaded vehicle)

(¢)
Fig.7 Weighted RMS acceleration responses of the vertical
driver’s seat and the angles of the cab. (a) Driver’s seat heave;
(b) Cab pitch angle; (c) Cab roll angle

As shown in Fig. 8, the DLC’s value is increased when
the vehicle operates under the fully-loaded condition with
a passive air suspension system.

When vehicles operate under the same condition, the
DLC’s value is significantly reduced by the air suspension
system with the semi-active fuzzy control. The maximum
DLC’s are reduced by 17.9% , 22. 2% and 27. 4% ,
respectively, when vehicles move on the road surface
condition of ISO Level B at 7.5, 20 and 27.5 m/s. In
addition, the DLC’s value strongly depends on the load-
ing conditions. The value of DLC is greatly increased in

0.12
0.10
3
= 0.08
0.06
0.04 - - - - :
5 10 15 20 25 30
Velocity/(m + s71)

—o - Passive (fully-loaded vehicle)

—s— Fuzzy control (over-loaded vehicle)
—s— Fuzzy control (over-loaded vehicle)
—>— Fuzzy control (over-loaded vehicle)

Fig.8 The DLC’s values on the tractor driver axle

the case of the half-loaded vehicle and it is also greatly
reduced in the case of the over-loaded vehicle in compari-
son with the fully-loaded vehicle.

6 Conclusions

1) The influence of the cab roll angle on the heavy
truck ride comfort is clear when vehicles move on the
road surface conditions of ISO Level D and ISO Level E
at a velocity of over 27.5 m/s.

2) The weighted RMS acceleration responses of the
vertical driver’s seat, the pitch and roll angle of the cab
are greatly decreased by 24% , 30% , 25% and slightly
decreased by -3.8% , 10.7% and 3.2% , respectively,
when vehicles move on the road surface conditions of ISO
Level B and ISO Level E at a velocity of 20 m/s.

3) The DLC’s value is also significantly decreased
when vehicles operate under different operation condi-
tions. Specifically, the DLC’s value of the tractor driver
axle is reduced by 27.4% when vehicles operate under
full-loading conditions on the road surface condition of
ISO Level B at a velocity of 27.5 m/s.
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