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The braking force of the tractor semi-trailer depends on many random factors and road parameters.
Therefore, determining the braking force based on theoretical calculation or simulation is not accurate.
This paper presents the method of setting up the braking force measurement system of the tractor semi-
trailer on the road and constructing the braking dynamics model of the tractor semi-trailer to
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investigate the braking force using Matlab-Simulink software. The study results show that the average
error between the simulation and experimental results of the tractor semi-trailer braking force is 9,81%.

© 2021 Growing Science Ltd. All rights reserved.

Nomenclature
Symbols

I

J

Xets Vers Zen
Xeas Vers Zea
by

2

B,

Va

@.

B

myi

* Corresponding author.

Units Definition
Axle number of the tractor semi-trailer, i = 1+6
j =1, left wheel; j = 2, right wheel; j = 1+2

m Displacement in the B(CiXc1ycizc1) coordinate system

m Displacement in the B(CyXc2y2zc2) coordinate system

rad Rotation angle of the ij wheel

Degree Rotation angle of the tractor body around the y axis
Degree Rotation angle of the tractor body around the x.; axis
Degree Rotation angle of the tractor body around the z.; axis
Degree Rotation angle of the Semi-trailer body around the y., axis
Degree Rotation angle of the Semi-trailer body around the x.; axis
Degree Rotation angle of the Semi-trailer body around the z» axis
Degree Sideslip angle of the ij wheel

Longitudinal slip ratio of the ij wheel
Longitudinal friction coefficient of the ij wheel
Lateral friction coefficient of the ij wheel

kg Sprung mass of the tractor
kg Sprung mass of the Semi-trailer
kg Un-sprung mass of the ij axle
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Jx kgm? Moment of inertia about the x-axis of the sprung mass
Jy kgm? Moment of inertia about the y-axis of the sprung mass
J: kgm? Moment of inertia about the x-axis of the sprung mass
Jayij kgm? Moment of inertia about the y-axis of the ij wheel

Fej N The suspension elastic force of the ij wheel

Fij N The suspension damping force of the ij wheel

Ferij N The tire elastic force of the ij wheel

F, N The longitudinal force or forward force of the ij wheel
F,; N The lateral force of the ij wheel

F,; N The normal force or vertical force or wheel load of the ij wheel
Fg; N The static weight of the ij wheel

My Nm The driving torque of the ij wheel

M Nm The braking torque of the ij wheel

1. Introduction

For braking dynamics of the tractor semi-trailer, both simulation and experimental methods are often
used (Tung et al., 2020, Rajamani, 2011; Jazar, 2017; Van-Huong 2014). The simulation method shows
the general rule and the physical relationship among parameters quickly and inexpensively. The
experimental method shows the values of the parameters in actual and random motion conditions on the
road (Chen et al., 2016; Jazar, 2019; Mitschke & Wallentowitz, 1972). However, the experimental
method requires the test on road and equipment, which is expensive. Setting up the braking force
measurement system of the tractor semi-trailer on the road is a real industrial and safety need all over the
world. Hence, there are many research works regarding the experimental measurement, mathematical
simulation and dynamic modeling of braking force systems (Werner, 2007; Suh et al., 2000; Bayan et
al., 2009; Gifvert & Lindgirde, 2004; Verma et al., 1980; Zhou et al., 2011; Zhiwei et al., 2005; Guan
et al., 2004; Limpert, 1971; Zheng, 2015; Li et al., 2014, 2019; Vincent & Krauter, 1973; Lee et al., 1999;
Tianjun & Changfu, 2009; Sampson, 2000). In this research the braking dynamics model of the tractor
semi-trailer and its related braking force was simulated and investigated using Matlab-Simulink software
and the results of the simulations were compared with the experimental results. The movement of tractor
semi-trailer is affected by the tire forces. The tire forces are determined by a tire model (Rajamani 2011,
Jazar 2017, Van-Huong 2014). Nowadays, there are many types of tire models such as (i) HSRI (Highway
Safety Research Institute) tire model, (ii)) Ammon tire model, (iii) Burckhard tire model, (iv) Dugoff tire
model, (v) Paceijka tire model and etc. (Paceijka 2002, Mitschke & Wallentowitz1972; Ammon 1997).
In this paper, Ammon tire model was selected to determine the tire forces.

According to Ammon tire model, we have formulas to determine tire forces as (Ammon 1997):

s+ ol F (S sl + ol )

Fx (S.r > a) = (px,max

X Sx,max X,max
2 2 2 2
Jsi+o Jsi+o
F;'(Sx’(x) = (py,max ' o F;(t)f ' (p (2)
x,max T y,max

2. Theoretical basis

The braking dynamics diagram of the tractor semi-trailer and the wheel dynamics diagram when
braking is shown in Fig. 1. This model has also been illustrated in more details in previous works
(Rajamani, 2011; Jazar, 2017; Chen et al., 2015). With the use of the method of separating the structure and
the Newton-Euler system of equations, the system of the braking dynamics equations of the tractor semi-trailer in
the road plane (i.e. XOY) was established as follows (Rajamani, 2011; Jazar, 2017; Tung, 2016):
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Fig. 1. The braking dynamics diagram of the tractor semi-trailer
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The dynamics equations of the tractor semi-trailer in the longitudinal plane (XOZ) are as follows:
m(Z, =@, %, )= FCU + FKz] Fi., (i=1+3) )
M,(2, =@, %, )=Fe+Fy, —F, (i=4+6) (10)
JyL-1¢c1 = _(FCIj + F K1j )l + x]/(hcl r1)+ Fkxl(hcl _hk1)+ szllkl +M (11)
Jy62¢62 :_(FC2j+FK2j)12+ XZj(h(‘Z r2)+Fkx2(hc hk2)+Fk22 +M2j (12)

With i=1...6, j=1 indicating the left wheel, j=2 indicating the right wheel, the dynamics equations of the
tractor semi-trailer in the plane (YOZ) are written as follows (Rajamani, 2011; Jazar, 2017; Tung, 2016):

Sl “c] =Z(Fcz, +F = Foy —Fey )W +ZF(h hy, )= M, (13)
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The dynamic model of the wheel is shown in Fig. 2. The dynamic equation of the wheels in the longitudinal plane

(XO02Z) is written as follows (Rajamani, 2011; Jazar, 2017; Tung, 2016):

JAW(D MA:] _MBy F;yrdy (33)
JAyt/ % MA:/ MB:/ Ect/rdl/ (34)
JAyg,'('p',/ MA{/ _MB,, Enjrm (35)
JAyg‘/‘@i/ MAi/' _MBI/‘ En_/rdl (36)
J i@y =M 4y =My, = F 1y (37
JAy[j@(/’ - MAij _MBL/ Fmrd,; (3 8)
JAyij'w'ij = MAy MB:] ny Vaij (39)
i@y =My =My, = F 1 (40)
Sy @y =M g =My = F 1 (41)
JAy[/'.¢[j = MAg/' _MBz/ F;a/ Vaij (42)
JAy[j@z/ = MAij _MB[j Fmrd,; (43)
i@y =My =My, —F 1y (44)

The braking force of the tractor semi-trailer is determined from

2016):

F,=(m+m,)i-F

(Chen et al., 2016; Jazar, 2019; Tung,

(45)
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Fig. 2. Dynamics of the wheels
3. Experiment and simulation

3.1. Setting up the measurement system

To determine the braking force of the tractor semi-trailer, the following basic parameters are required
to be known: Measure the wheel angular velocity (¢ ) to calculate the longitudinal velocity of the tractor
semi-trailer (X ) by Sharp Rotary Encoder sensor (1); measure the longitudinal acceleration of the tractor
semi-trailer (X) by MMA7361LC-XYZ sensor (2); weigh the un-sprung mass (ma) and the sprung mass
(m) with ULSTRALIM electronic balance (3). The diagram of the measurement system, signal reception

and braking experimental result processing of the tractor semi-trailer is shown in Fig. 3 (Emery, 1998;
Tung, 2016; Bouteldja et al., 2009).

ULSTRALIM >

ULSTRALIM »

SHARP ROTARY ENCODER

National Instruments
NI
Computer
easurement & Automation

MMAT361LC - XYZ X
ACCELEROMETER

Fig. 3. Diagram of experimental system of braking force measurement
3.2. Experiment

The object of the experiment is a 6-axle tractor semi-trailer, including a 3-axle FAW tractor and a 3-axle Tan
Thanh semi-trailer. The weight of the tractor semi-trailer itself is 148 kN; the load of the tractor semi-trailer is 344
kN; the total weight of the tractor semi-trailer is 492 kN. The sensor installation diagram for measuring the
parameters on the experimental tractor semi-trailer is shown in Fig. 4.

2
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J

1. Sensor for measuring the wheel angular velocity; 2. Sensor for measuring longitudinal acceleration;
3. Weigh the axle weight

Fig. 4. Sensor installation diagram on the experimental tractor semi-trailer
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The tractor semi-trailer was let to move steadily on the test road at a speed of 50 km/h and then the
brake was applied to bring the tractor to a complete stop. At that time, the NI receiver and processor
received signals from the sensors, processed the signals and sent them to the computer. Measurement &
Automation software outputs were obtained for the test results. These results include the wheel angular
velocity graph (¢ ) as shown in Fig. 5; the longitudinal velocity graph of the tractor semi-trailer (x) as

shown in Fig. 6; the longitudinal grip coefficient graph(p,) as shown in Fig. 7 and the braking force
graph Fx as shown in Fig. 8.
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Fig. 5. Angular velocity graph of the wheel
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Fig. 6. Longitudinal velocity graph of the vehicle
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Fig. 8. Braking force Fx graph
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3.3. Simulation

Matlab-Simulink software was used to investigate the braking dynamics of a 6-axle tractor semi-
trailer with the input conditions similar to the experimental conditions of the tractor semi-trailer on the
actual road, and the simulation output was compared with the results obtained from the experiment (Keit,
2018). The tractor semi-trailer was surveyed at the speed of 50 km/h on the road with the grip coefficient
@xmax=0.876; @xmin=0.736; the maximum braking force Fxmax=33013 N; brake at time t =0.5 s; the time
from the start of the braking until the braking force reached its maximum value was 0.95 s. The simulation
and experimental results of the wheel braking force of axle 5 are shown in Fig. 9. The survey showed
that the average error between the simulation and experimental results of the braking force was 9.81%.
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Fig. 9. The braking force of axle 5 wheel.

4. Conclusion

To determine the braking force of the tractor semi-trailer, a sensor that measures the longitudinal acceleration can
be used. The design of this braking force measurement system is simple and at low cost. The system can be
extended to measure the force applied to all wheels at the same time in different speed modes and road conditions.
The measurement results reflect the physical state of the tractor semi-trailer quite accurately when moving on the
road and when braking. The measurement results can be used to study the braking dynamics of the tractor semi-
trailer as a basis for improving the braking system. In this paper, a method of setting up the braking force
measurement system of the tractor semi-trailer on the road was illustrated and the braking dynamics model of the
tractor semi-trailer was presented to investigate the braking force using Matlab-Simulink software. The results
demonstrated that there is a good agreement between the simulation and experimental results of the tractor semi-
trailer braking force.
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