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Abstract. To enhance the ride comfort and improve the road friendliness of the heavy truck, based
on the dynamic model of the heavy truck, the semi-active suspension system of the vehicle is
proposed and controlled based on the fuzzy logic control and Matlab/Simulink software. The
efficiency of the semi-active suspension system is then evaluated based on the indexes of the root
mean square acceleration of the driver’s seat, the root mean square acceleration of the cab's
pitching angle, and the dynamic load coefficient of the wheel axles. The results show that with the
semi-active suspension system of the heavy truck controlled by the fuzzy logic control, the
acceleration responses of the heavy truck and the dynamic forces of the wheel axles are greatly
reduced in comparison with the passive suspension system under various operating conditions of
the loads and speeds. Especially, with the semi-active suspension system controlled by the fuzzy
logic control, the root mean square accelerations of the driver’s seat and cab pitch angle; and the
dynamic load coefficient at 2nd axle of the wheel are clearly reduced by 23.7 %, 27.2 %, and
20.9 % in comparison with the passive suspension system, respectively. Thus, both ride comfort
and road friendliness of the heavy truck are improved by the semi-active suspension system. In
addition, the vehicle load insignificantly affects ride comfort. However, it greatly affects the road
damage, especially with the half load condition of the vehicle. Thus, to improve road friendliness,
the full load condition of the vehicle should be used.

Keywords: heavy trucks, semi-active suspension, ride comfort, road friendliness, fuzzy control.
1. Introduction

One of the most important requirements of heavy vehicles is to improve ride comfort and road
friendliness. To solve these problems, the heavy truck’s suspension system ought to be able to
isolate the sprung mass from the vibration excitations from the road surface and reduce the
dynamic load coefficient (DLC) of the wheel axles under different operation conditions of the
vehicle. With the suspension system equipped on the heavy trucks, the passive suspension systems
were widely used in heavy vehicles. The air suspension systems, active, and semi-active
suspension systems were then studied and applied due to their capabilities of consuming less
power, low cost, and providing better ride quality. The studies results showed that the heavy
truck’s semi-active suspension systems can improve ride comfort and reduce dynamic tire forces
[1-2].

Besides, some control methods including the fuzzy logic control (FLC) [3-4], FLC-skyhook
and FLC-PID control [5-6], FLC-H;,,r, MR fluid damper and Skyhook-NFLC control [7-9] were
applied to adjust the damping coefficient of the vehicle’s suspension system. However, the
quarter-car dynamic models were used for the most of research. To fully evaluate the performance
of the above control methods, the 2D and 3D dynamic models of the vehicles were then studied.
Yagiz [10] used a half vehicle with 5-DOF and applied the FLC to control vehicle suspensions
and driver’s seat suspension. Yoshimura [11] used a half vehicle with 6-DOF and applied the
FLC-Skyhook damper to control active suspensions. leluzzi [12] established a half-heavy truck

ISSN ONLINE 2669-2473 17


https://crossmark.crossref.org/dialog/?doi=10.21595/rsa.2023.23021&domain=pdf&date_stamp=2023-03-13

IMPROVING RIDE COMFORT AND ROAD FRIENDLINESS OF HEAVY TRUCK USING SEMI-ACTIVE SUSPENSION SYSTEM.
HaAo LI, VANLIEM NGUYEN

model and also applied the skyhook control in Matlab/Simulink and Adams software to control
the suspension system of the tractor driver. In summary, the main goals of these researches are to
improve vehicle’s ride comfort.

For the road friendliness of the heavy trucks, Buhari [13] studied the effect of the design
parameters of the suspension systems of the heavy truck by comparing the DLC’s value of tire
forces at the vehicle axles. The results showed that the DLC’s value was greatly affected by the
dynamic parameters of the suspension systems. Xie [14] applied the FLC-PID controller to control
semi-active air suspensions of the heavy truck by using the half-vehicle model. The results showed
that the dynamic loads at the wheels were significantly improved. However, the above research
only evaluated road friendliness. The ride comfort of the heavy truck has not been analyzed.

To fully evaluate the ride comfort and road friendliness of the heavy truck using the
semi-active suspension system, this paper proposes a 2D dynamic model with 10-DOF of the
heavy truck using the semi-active suspension system controlled by the FLC controller; and the
root mean square (RMS) acceleration responses of the vertical driver’s seat, cab pitch angle, as
well as the DLC’s value are chosen as objective functions. A fuzzy control programming
developed based on Matlab/Simulink software is applied to control the damping coefficients of
the suspension system of the heavy truck. The control performance of the semi-active suspension
system is then analyzed under different operation conditions of the vehicle.

The main contributions of this paper can be summarized as follows:

1) Both the indexes of the ride comfort and road friendliness of the heavy truck have been
evaluated under the various operating conditions of the vehicle.

2) The fuzzy logic control has been applied to control the heavy truck’s semi-active
suspension.

3) The research results show that the fuzzy logic control applied to control the semi-active
suspension of the heavy truck not only enhances the driver’s ride comfort but also can be applied
on the road friendliness under various simulation conditions. This means that the heavy truck’s
suspension system should be controlled to enhance the ride comfort and safe movement as well
as the road damage.

The remainder of the paper is organized as follows: Section 2 establishes the dynamic models
of the heavy truck and the vibration excitation of the road surface. Section 3 designs the fuzzy
logic controller for the semi-active suspension of the heavy truck. Section 4 simulates and valuates
the efficiency of the semi-active suspension of the vehicle on improving the ride comfort and road
friendliness. Section 5 concludes the paper.

2. Model of the heavy truck
2.1. Dynamic model

In this study, a three-axle heavy truck with the dependent suspension systems for the steering
axle (first axle), the tractor driver axle (second axle), and the trailer axle (third axle) is selected to
build the vehicle dynamic model. The 2D dynamic model of the heavy truck with 10-DOF is
established to analyze the performance of the semi-active suspension system of the heavy truck,
as shown in Fig. 1. Where, z;, z,, 23, Z4, Zgq1, Zq2, aNd z45 are the vertical displacement of the
driver’s seat, the cab, the tractor driver, the trailer, the 1st axle, the 2nd axle, and the 3rd axle,
respectively. ¢,, ¢, and ¢, are the pitch angle of the cab, the tractor driver, and the trailer. m,,
m,, ms, My, My, Mgy, and m,5 are the mass of the driver’s seat, the cab, the tractor driver, the
trailer, the 1st axle, the 2nd axle, and the 3rd axle, respectively. F; and F_,_, are the vertical
dynamic forces of the suspension systems of the driver’s seat and the cab. F is the vertical
dynamic force of the articulation connection between the tractor driver and trailer. cgemii—3, €1—3,
and k,_; are the controlled damping coefficient, passive damping coefficient, and stiffness
coefficient of the 1st axle, 2nd axle, 3rd axle of the heavy truck. c;;_3 and k.,_5 are the damping
and stiffness coefficients of the 1st axle, 2nd axle, 3rd axle of the heavy truck. g,_; is the
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excitations of the road surface roughness at the wheels. [,_;, is the distances of the vehicle.
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Fig. 1. A dynamic model of the three-axle heavy truck

Based on the heavy truck’s dynamic model, the motion equations of the driver’s seat, cab,
tractor driver, trailer, and axles are given as follows:
The vibration equation of the driver’s seat:

mz =F, FK= Cs(iz —Z; + d’zll) + ks(z; — 21 + ¢yly). (1)

where ¢ and k; are the damping and stiffness parameters of the driver’s seat suspension.
The vibration equations of the cab:
{mzn'z'z =Fq+F;—F,
L, = Fely = Fepls — Kby, . . 2)
{Fm = Ccl[Z3 —Z+ U+ 13+ 1)ps — lz¢2] tkelzs =z + (L + 13+ L) ps — L],
Foo = Cep(23 = 25 + Laps — I30h5) + kep (23 — 22 + Lutps — 130h,),
where {c.q,¢»} and {k.,, k., } are the damping and stiffness parameters at the front and rear

suspension of the cab.
The vibration equations of the tractor driver:

MaZs =F+F,—F.,.—F.,—F,,
{33 1 2 c1 c2 0 @3)

i3 = Fyl; + Folg — Fols — Foy (I + I3 + 1) — Faly,

where the force responses of the tractor driver’s suspension system (F; and F,) and force response
the articulation connection between the tractor driver and trailer (F,) are determined in Eq. (4),
respectively:

Fy = Co(i3 —Zy— d)3ls - (i)4-l6) + ko(z3 — 24 — P3ls — Pule),

Fy = (c1 + Csemin)(Za1 — 23 — 3ly) + k1 (2a1 — 23 — ¢3l5), 4)

F, =(c; + Csemiz)(zaz —Zz+ ¢3l8) + ky(za2 — 73 + P3ls).

The vibration equations of the trailer:

{m424 = FO + F3, (5)

14(254 = Folg — Fslyo,
where the force response of the trailer’s suspension system (F3) is determined in Eq. (4):
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F3 = (c3 + Coemiz)(Zaz — Za + Palio) + k3(Zaz — Zs + Palio). (6)
The vibration equations of the axles:

Mg1Zg1 = F — Fy,
MazZgy = Fip — F, @)
My3Zagz = Fiz — F3,

where the force responses of the axles (F1, F;,, F;3) are determined in Eqg. (8):

Fop = ¢1(q1 — Za1) + ke (@1 — Za1),
Fip = ¢12(q2 — Za2) + ke2(q2 — Z42), (8)
Fi3 = ct3(43 — Zg3) + kes(q3 — Zg3)-

2.2. Vibration excitation of the road surface roughness

The road surface with a high degree of roughness is a random excitation of the vehicle, which
impacts not only the vehicle-road interaction but also the vehicle’s ride comfort. The random
excitation of the road surface roughness can be represented by a randomly modulated periodic.
The general form of the displacement power spectral density (PSD) of the road surface roughness
is determined by the experimental formula [20]:

Ga() = Gy o) () ©)

where n is the space frequency; n, is the reference space frequency, ny = 0.1 m™; G,(n) is the
road surface roughness coefficient or PSD of the road surface under the reference space frequency
ny; w is the frequency index which determines the frequency configuration of the PSD of the road
surface (w = 2 rad/s). Road surface roughness is assumed to be a zero-mean stationary Gaussian
random process. It can be generated through the Fourier transformation as:

q(t) = Zil ’ZGq(ni)An cos(2mn,t + ¢;), (10)

where ¢; is the random phase uniformly distributed from 0 to 2.
According to ISO 8068 [20], the road surface roughness is established in this study.

3. Control of the semi-active suspension system using the fuzzy logic control

The fuzzy logic control (FLC) was incepted by Zadeh in 1965. It is then widely applied in a
variety of situations as well as diverse fields. To control the semi-active suspension system of the
heavy truck, three passive suspension systems should be controlled separately. Thus, three
different fuzzy controls should be designed. However, the design process of these fuzzy controls
is the same, thus a specific fuzzy control is designed to control the 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 linguistic 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 for use by the
physical plant of the suspension system [3-4]. In this study, the relative displacement z and the
relative velocity z of the suspension system are considered as two input variables, while the
damping coefficient cy,,y; is the output of the FLC.

The nine linguistic variables of input and output variables are defined, such as the positive
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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=12.9).

The membership functions for input and output variables of the semi-active suspension system
are represented by a fuzzy set. The shape of membership functions is the triangular function and
the value of the degree of memberships (DOM) is between 0 and 1, as shown in Fig. 3.

NVB NB NM NS Z PS PM PB PVB - NVB NB NM NS Z PS PM PB PVB

z
-

z
-

DOM of "
DOM of "

-0.4 -03 -0.2 -0.1 0 0.1 0.2 03 0.4 -1 -0.75-0.5-0.25 0 0.25 0.5 0.75 1
Input variable "z" (m) Input variable "z" (m/s)

a) The displacement of the suspension system b) The velocity of the suspension system

N

1

Csemi

DOM of *

0

0 3 6 9 12 15 18 21 24
Output variable "cgepmi" (KN.s/m)

¢) The control damping coefficient cg,,,; Of the suspension system
Fig. 2. Membership functions for input and output variables of the suspension system.

Table 1. Rules for fuzzy control
Z
Csemi NVB |[NB | NM | NS | Z |PS | PM | PB | PVB

NVB Vs Yo Y7 Ye Vs | YVa Ya V3 Y3
NB V2 Ys | Vs Ye Vs | YVa V3 V3 Y3
NM | y; | y2 | ¥s | Y7 | Ys | Y3 | Y3 | Y3 | Yo
NS Y1 Y1 Y1 Vs Ys | V3 V2 V2 Y2
z| Z B Z T 2 O - S e 2 W 2 e 2 N 2 O 2 0 A 21
PS Yo | Y2 | Yo | Y3 | Vs | Vs | V1 | V1| N
PM Yo | Y3 | Y3 | Y3 | Vs | Y7 | ¥s | Yo | N1
PB V3 Y3 V3 YVa Vs | Ve Vs Vs Y3
PVB | y3 | Y3 | Ya | Ya | Y5 | Ve | Y7 | Yo | s

In the fuzzy logic control, the control rules of “If-then” are applied to describe the relationship
between z, z, and c,,,,,; according to the designers’ knowledge and experience. The control rules
of the fuzzy logic control are given in Table 1. Based these control rules, the eighty-one control
rules of “If-then” are described as follows:

(1) If z is NVB andzis NVB then csopm; 1S ¥s,

(2) If z is NB andzis NVB then cq,y,; iS v,

(81) If z is PVB andzis PVB then cgem; 1S Vs.

The fuzzy inference system is selected by the minimum function and the centroid method of
Mamdani [16-17]. In this paper, the fuzzy inference system of Mamdani is used to control the
active damping coefficient of the suspension system model.

4. Evaluating the efficiency of the seni-active suspension system
4.1. The index of the ride comfort

According to the 1ISO 2631-1 [18], the effect of vibration on the driver’s ride comfort is evaluated
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based on the root mean square (RMS) acceleration responses of the driver’s seat and cab’s pitch
angle defined by:

17, 1(7.,
awy = Tf Zidt, Aygy = Tf ¢;dt, (11)
0 0

where T is the simulation time.
The RMS accelerations of the vertical driver’s seat and cab pitch angle are then used to
evaluate the vehicle’s ride comfort. The smaller values of the a,,, and a,,4, mean that the ride

comfort of the heavy truck is better.
4.2. The index of the road friendliness

The dynamic load coefficient (DLC) is frequently used to characterize the dynamic loading of
the axles and it is defined by a ratio of the RMS of the dynamic load fluctuation over static load
[13]:

F
DLC = &M (12)
Fot

were F; gys is the RMS of the vertical dynamic wheel load, and Fj, is the average or nominal
static vertical wheel load.

The DLC’s value is in the range of 0.05 to 0.3 under normal operating 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 broken [19]. In this study, the dynamic load coefficient is used to
analyze the road friendliness of the heavy truck. The smaller value of the DLC means that the road
friendliness of the heavy truck is better.

5. Results and analysis

The main objective of this study is to analyze the performance of the semi-active suspension
system in improving the ride comfort and road friendliness of heavy truck under different
operation conditions. With the dynamic parameters of a heavy truck in its fully load condition
listed in Table 2, Matlab/ Simulink software is used to simulate and calculate the results.

Table 2. Dynamic parameters of the heavy truck
Parameter |Value | Parameter Value
m, (kg) 85 loio(m) | 41,40
m, (kg) | 500 ky (N/m) | 2.32x10°
ms(kg) 3600 | k, (N/m) | 8.60x10°
my (kg) 12500 | ks (N/m) | 2.00x106
mgq (kg) 2701 | ¢ (Ns/m) | 2.20x103
mg (kg) 5204 | ¢, (Ns/m) | 10.0x103
mgz (Kg)  [340.0 | ¢ (Ns/m) | 84.0x10°

l, (m) 0.2 ko (N/m) 20.0x10°
L, (m) 1.2 co (Ns/m) | 200x10°
I3 (m) 0.8 k. (N/m) | 1.03x108
ly (M) 0.4 k., (N/m) | 2.06x108
ls (m) 0.5 ki (N/m) | 2.06x10°
l¢ (M) 6.9 ¢y (Ns/m) | 3.00x103
1, (m) 2.2 ¢z (Ns/m) | 3.00x103
lg (M) 1.0 | ¢ (Ns/m) | 3.00x103
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5.1. Simulation of the semi-active suspension system

To control the semi-active suspension system of the heavy truck using the FLC, the simulation
is carried out when the vehicle is moving on the road surface roughness of 1SO level B at 20 m/s.
The simulation results of the acceleration responses of the driver’s seat and cab pitch angle are
shown in Fig. 3. Besides, based on the acceleration response of the driver’s seat and cab in Fig. 3,
the calculation results of the a,,; and a,,¢, in Eq. (11) are then listed in Table 3.

With the semi-active suspension systems of the heavy truck controlled by the FLC, the
simulation results in Figs. 4(a-b) show that the acceleration responses of the driver’s seat and cab
pitch angle are greatly reduced in comparison with the passive suspension system. The results in
Table 3 show that the RMS values of the driver’s seat and cab pitch angle are significantly reduced
by 23.7 % and 27.2 %, respectively. Therefore, the ride comfort of the heavy truck has been greatly
improved in comparison without the control.

Table 3. Control performance with fuzzy control

Parameters | Passive | Control | Reduction (%)
a1 (m/s?) 0.422 0.322 23.7
ayg; (rad/s?) | 0.101 0.073 27.2
DL Cand axle 0.091 0.072 20.9

1.8 - Pagsive; — Control 0.6 .- Passive; — Control

40 42 44 46 48 50 40 42 44 46 48 50

Time (s) Time (s)
a) Driver’s seat heave b) Cab pitch angle

Fig. 3. The acceleration responses of the driver’s seat and cab

Besides, the dynamic force of the second axle and the RMS values of the dynamic forces of
the first, second, and third axle are calculated and plotted in Fig. 4(a) and 4(b).

4 . -
14 X10 Pasmye; —Control 6.0 Bl Passive; Bl Control
Z i e 5.0
Z — = 507
&) 0.7 ~ g 4.62 138
e i 3
s Opy 24.0
5071
Ch 230"
1.4 ‘ ‘ w w <5
40 42 44 46 48 50 20
Time (s) Ist axle 2nd axle 3rd axle
a) Dynamic force at second axle b) RMS value of dynamic forces of all the axles

Fig. 4. The dynamic force responses of the wheel axles

The results show that the RMS values of the dynamic forces at all the first, second, and third
axles of the heavy truck using the control are lower than that of the passive suspension system. In
addition, Fig. 4(b) shows that the RMS value of the dynamic force at the second axle is higher
than that of the first and third ones. This means that the wheels at the second axle greatly affect
the road damage. Therefore, the DLC of the second axle is used to evaluate the road friendliness
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and the control performance of the FLC. Besides, the calculation result of the DLCond axlc 1S also
listed in the same Table 3. The DLCjnd axle 0f the vehicle suspension with the control is strongly
reduced by 20.9 % in comparison with the passive suspension. Thus, the road friendliness of the
heavy truck with the control is improved.

5.2. Influence of the velocity and load of the vehicle

A range of the vehicle velocities under different loading conditions of half load, full load, and
overload of the vehicle is simulated to analyze the performance of the semi-active suspension
system. The results of the RMS accelerations of the driver’s seat and cab pitch angle are plotted
in Fig. 5(a) and 5(b).

Figs. 5(a-b) show that the RMS accelerations of the driver’s seat and cab pitch angle with the
control are significantly decreased in comparison with the passive suspension system under
different loading conditions. This means that the ride comfort of the vehicle using the control is
improved under the different operating conditions of the vehicle including the change of the
vehicle loads and velocities. Besides, the dynamic force and DLC value of the second axle under
the different operating conditions are also shown in Figs. 6(a-b).

0.6 ~o- Passive (full load) 0.2 ~o~ Passive (full load)
——Control (full load) . ——Control (full road)
o 05, Control (overload 50%) % (5 Control (overroad 50%)
E ", ~P-Control (half load) E -b-Control (half road)
— “e., et
30‘47/»&~\ """" o...... o P —
® s S S
= ,»-\-?__ N ) © \\\h\’;\*&—.
03" : : : : 0.05 : :
5 10 15 20 25 10 15 20 25 30
Vehicle velocity (m/s) Vehicle velocity (m/s)
a) Driver’s seat heave b) Cab pitch angle
Fig. 5. RMS accelerations of the driver’s seat and cab
. 5.5 0.12 ¢
4 Dol
4 00 o P Q@ o >~ p T B S N P -
§45 """" @ D Sl Eo """""" O B B gy @
=) . 50.08
S = . Sy UN w
%3'5 O e o
£z P LRl SO SRS
-
25 : : : : : 0.04 : : :
5 10 15 20 25 30 5 10 15 20 25 30
Vehicle velocity (m/s) Vehicle velocity (m/s)
~o- Passive (full load) ~o- Passive (full load)
——Control (full load) ——Control (full load)
Control (overload 50%) Control (overload 50%)
-»-Control (half load) -»-Control (half load)
a) Dynamic force at the second axle b) DLC value at the second axle

Fig. 6. The DLC’s values on the second axle of the tractor driver

Fig. 6(a) indicates that the vehicle speed insignificantly affects the dynamic force of the second
axle. Conversely, the vehicle load greatly affects the dynamic force of the second axle. In the
condition of the half load of the vehicle, the dynamic force is the smallest while the dynamic force
of the full load and overload 50 % are the same. However, with the suspension system controlled
by the FLC, the dynamic force of the second axle is greatly reduced in comparison with the passive
suspension system. Conversely, with the result of the dynamic force of the second axle in Fig. 6(a),
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their DLC values in Fig. 6(b) are greatly changed and affected by the change in the vehicle loads.
In the half load condition, the DLC value is the highest, this means that the second axle of the
wheel greatly affects the road friendliness in the condition of the half load of the vehicle.
Therefore, the vehicle should use the full load to reduce the road damage. In the full load condition
of the vehicle, the DLC’s value with the semi-active suspension system is significantly reduced in
comparison with the passive suspension system. Thus, the road friendliness of the heavy truck is
improved by the suspension system using the control.

6. Conclusions

With the semi-active suspension system of the heavy truck controlled by the FLC, the
acceleration responses of the driver’s seat and cab pitch angle as well as the dynamic forces of the
wheel axles are greatly reduced in comparison with the passive suspension system. Especially, the
values of the a1, ay¢2, and DLCong axie are clearly reduced by 23.7 %, 27.2 %, and 20.9 %,
respectively. Thus, both ride comfort and road friendliness of the heavy truck are improved.

Under the different load and speed conditions, using the semi-active suspension system, both
ride comfort and road friendliness are also improved under the change of load and speed. In
addition, the vehicle load insignificantly affects ride comfort. However, it greatly affects the road
damage, especially with the half load condition of the vehicle. Thus, to improve road friendliness,
the full load condition of the vehicle should be used.
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