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Abstract. When a vehicle brakes, slip coefficient occurs at the tire print between
the tire and the ground, which affects the braking efficiency and safety of the
vehicle. The authors establish a dynamic model of the tractor semi-trailer and
use Matlab-Simulink software to simulate the slip coefficient. The results show
that when a tractor semi-trailer brakes with the torque MB = 80% MBmax on
three types of roads with grip coefficients of ϕxmax = [0.8, 0.9, 1.0] at a speed of
80 km/h, the slip coefficient is less than 5%, the tractor semi-trailer moves stably
and safely. When a tractor semi-trailer brakes on three types of the road with grip
coefficients of ϕxmax = [0.5, 0.6, 0.7], the slip coefficient is 100%, and the tractor
semi-trailer moves unstably and unsafely.

Keywords: Grip coefficient · Grip-ability coefficient · Slip coefficient · Tractor
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1 Introduction

During a vehicle is driving or braking, the tires often slip, affecting its performance.
The slip coefficient of a driving tire and a braking tire is determined by the following
formulae (1, 2) [1, 2]:

sd = Rdynωw − Vx

Rdynωw
in accelerating; (1)

sb = Rdynωw − Vx

Vx
in braking, (2)

where sd is the slip coefficient in accelerating, sb is the slip coefficient in braking, Rdyn

is the dynamic radius of the tire, ωw is the tire’s angular velocity, and Vx is the tire’s
forward velocity. If the vehicle is accelerating then Rdynωw > Vx and 0 < sd < 1; while
the vehicle is braking, Rdynωw < Vx and −1 < sb < 0.
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2 The Dynamics Model

The tractor semi-trailer consists of a three-axle tractor and a three-axle semi-trailer
linked together by a fifth wheel. The authors use the method of structural separation
of a multibody system (MBS) and Newton-Euler methods to build a three-dimensional
(3D) dynamics model of the tractor semi-trailer. The authors hypothesize that i is the
axle number of the tractor semi-trailer, i=1–6 and j indicates the left wheel (j=1) or right
wheel (j=2) of the tractor semi-trailer. The dynamic model of the tractor and semi-trailer
is shown in Fig. 1. Based on the Newton-Euler equation, the authors have written the
system of dynamic equations of the tractor and semi-trailer in the Oxy-plane as follows
[3–5]:

(mc1 +
3∑

1

mAi)(ẍc1 − ψ̇c1 ẏc1) = Fx11cosδ11 + Fx12cosδ12 − Fy11 sin δ11 − Fy12 sin δ12 + (Fx2j + Fx3j) − Fwx1 − Fkx1

(3)

(mc1 +
3∑

1

mAi)(ÿc1 + ψ̇c1 ẋc1) = Fx11 sin δ11 − Fky1 + Fx12 sin δ12 + Fy11cosδ11 + Fy12cosδ12 + (Fy2j + Fy3j) (4)

Jzc1ψ̈c1 = [Fx1j sin δ1j + Fy1jcosδ1j]l1 + (Fx12cosδ12 − Fx11cosδ11)b1 + Fky1lk1
+(Fy11 sin δ11 − Fy12 sin δ12 − Fy2jl2 − Fy3jl3 + (Fx22 − Fx21)b2 + (Fx32 − Fx31)b3

(5)

(mc2 +
6∑

4

mAi)(ẍc2 − ψ̇c2ẏc2) = Fx4j + Fx5j + Fx6j + Fkx2 (6)

(mc2 +
6∑

4

mAi)(ÿc2 + ψ̇c2ẋc2) = Fky2 + Fy4j + Fy5j + Fy6j (7)

Jzc2ψ̈c2 = (Fx42 − Fx41)b4 + (Fx52 − Fx51)b5 + (Fx62 − Fx61)b6 + Fky2lk2 − Fy4j l4 − Fy5j l5 − Fy6j l6 (8)

The system of dynamic equations of the tractor and semi-trailer in the Oxz-plane is
written as follows [3–5]:

mci(z̈ci − ϕ̇ciẋci) = FCij + FKij − Fkz (9)

Jyciϕ̈ci = −(FCij + FKij)li + F ′
xij(hci − ri) + Fkxi(hci − hki) + Fkzilki + Mij (10)

The dynamic equations of the tractor semi-trailer in the Oyz-plane are written as
follows [3–5]:

Jxciβ̈ci =
i=6∑

i=1

(FC2i + FK2i − FC1i − FK1i)wi +
i=6∑

i=1

Fi(hc − hBi) − Mkx (11)

mAi(z̈Ai + β̇AiẏAi) = FCLij + FKLij − FCij − FKij (12)

mAi(ÿAi − β̇AiżAi) = Fi + Fyij + Fyij (13)
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JAxi β̈Ai = (FCi1 + FKi1 − FCi2 − FK12)wi + (FCLi2 + FKLi2 − FCLi1 − FKLi1)bi − Fyij(rij + ξAij) + Fi(hBi − ri)

(14)

A semi-trailer with six axles is considered to have twelve tires, so the dynamic
equations for the twelve tires in the longitudinal plane are written as follows [3–5]:

JAyijϕ̈ij = MAij − MBij − Fxijrdij (15)
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Fig. 1 Dynamics model of the semi-trailer. The list of symbols and abbreviations with necessary
explanation is present in Table 1

3 Simulation with Matlab-Simulink Software

Matlab-Simulink software is used to simulate the influence of the grip coefficient on the
slip coefficient when braking of the tractor semi-trailer at V0 = 80 km/h. Simulation
conditions are as follows. The tractor semi-trailer moves on a straight road at V0 =
80 km/h and then braked with a torque of MB = 80%MBmax = 80%Fz,stϕxmaxrd . The
simulation is performed on six types of roads with different grip coefficients of ϕxmax =
[0.5, 0.6, 0.7, 0.8, 0.9, 1.0]. In the graphs, line 1 corresponds to a grip coefficient of 0.5;
line 2 corresponds to a grip coefficient of 0.6; line 3 corresponds to a grip coefficient of
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0.7; line 4 corresponds to a grip coefficient of 0.8; line 5 corresponds to a grip coefficient
of 0.9; line 6 corresponds to a grip coefficient of 1.0. The input function graphs of the
simulation model such as driving torque, braking torque of front tires, middle tires, and
rear tires are shown in Fig. 2.

Table 1 List of symbols and abbreviations

Symbols Units Explain

i Axle number of the tractor semi-trailer, i = 1–6

j j = 1 is left wheel; j = 2 is right wheel; j = 1, 2

xc, yc, zc m Displacement in the B (Cxcyczc) coordinate system

Rdyn m Dynamic radius of a tire

δ Degree Front-wheel turn angle

li m Longitudinal distance of axle i from the mass center

hc1, hc2 m Height of mass center from the ground

b m Lateral distance of a wheel from the longitudinal x-axis

ϕij rad Rotation angle of the ij-wheel

β, ϕ, ψ Degree Rotation angle of the tractor body around the x-, y-, z-axis

m, mA kg Sprung mass and un-sprung mass of the tractor semi-trailer

Jx, Jy, Jz kg·m2 Moment of inertia about the x-, y-, z-axis of the sprung mass

JAyij kg·m2 Moment of inertia about the y-axis of the ij-wheel

FCij N Suspension elastic force of the ij-wheel

FKij N Suspension damping force of the ij-wheel

FCLij N Tire elastic force of the ij-wheel

Fxij N Longitudinal force of the ij-wheel

Fyij N Lateral force of the ij-wheel

Fzij N Vertical force of the ij-wheel

FGij N Static weight of the ij-wheel

MAij, MBij N·m Driving torque and braking torque of the ij-wheel

The braking force of the front, middle and rear tires at 80 km/h are shown in Fig. 3.
Looking at Fig. 3, we see that, when the tractor semi-trailer moves on a straight road
with V0 = 80 km/h and then brakes with a torque of MB = 80%MBmax , the braking
force of the front tires is the same, Fx11 = 19.5 kN on six types of roads.

For the tires of the middle axle, when the tractor semi-trailer brakes on four types
of roads with grip coefficients of ϕxmax = [0.7, 0.8, 0.9, 1.0], the braking force of the
middle tires is Fx31 = 27.5 kN. When the tractor semi-trailer brakes on the road with a
grip coefficient of ϕxmax = 0.6, the braking force of the middle tires is Fx31 = 20.5 kN.
When the tractor semi-trailer brakes on the road with a grip coefficient of ϕxmax = 0.5,
the braking force of the middle tires is Fx31 = 16.5 kN.
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Fig.2 Driving and braking torque of the front (a), middle (b) and rear (c) tires

The same situation is for rear axle tires, when the tractor semi-trailer brakes on two
types of roads with grip coefficients of ϕxmax = [0.9, 1.0], the braking force of the rear
tires is Fx61 = 25kN. When the tractor semi-trailer brakes on two types of roads with
grip coefficients of ϕxmax = [0.7, 0.8], the braking force of the rear tires is Fx61 = 20.5
kN. When the tractor semi-trailer brakes on the road with grip coefficients of 0.5 and
0.6, the braking forces of the rear tires are 14.5 kN and 17.5 kN, respectively.

The slip coefficients of the front, middle and rear tires after the tractor semi-trailer
brakes with the torqueMB = 80%MBmax , on six types of roads at a speed of 80 km/h are
shown in Fig. 4. For the front axle, when the tractor semi-trailer brakes on six types of
roads, the slip coefficient of the front tires is always less than 5%, the tractor semi-trailer
moves stably and safely.

With the middle axle, when the tractor semi-trailer brakes on four types of roads
with grip coefficients of ϕxmax = [0.7, 0.8, 0.9, 1.0], the slip coefficient is about 5%, the
tractor semi-trailer moves stably, and safely. If two types of roads with grip coefficients
of ϕxmax = [0.5, 0.6], the slip coefficient is 100%, the tires are completely locked, the
tractor semi-trailer moves unstably and unsafely.

The same, for the rear axle, when the tractor semi-trailer is braked on three types
of roads with grip coefficients of ϕxmax = [0.8, 0.9, 1.0], the slip coefficient is less than
5%, the tractor semi-trailer moves stably, and safely. If three types of the road with
grip coefficients of ϕxmax = [0.5, 0.6, 0.7], the slip coefficient is 100%, the tires are
completely locked, the tractor semi-trailer moves unstably and unsafely.

The grip-ability coefficients of the front, middle and rear tires, when the tractor
semi-trailer brakes with the torque MB = 80%MBmax , on six types of roads at a speed
of 80 km/h are shown in Fig. 5. For the front tires, when the tractor semi-trailer brakes
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Fig. 3 Braking force of the front (a), middle (b) and rear (c) tires

with MB = 80%MBmax on six types of roads, the grip-ability coefficient is 40−90%.
We can take advantage of the tire’s grip-ability to increase the braking force to increase
the braking efficiency of the vehicle. For the middle tires, when the tractor semi-trailer
brakes with MB = 80%MBmax on two types of roads with grip coefficients of ϕxmax =
[0.5, 0.6], the braking force is greater than the grip force, the tires are slipped, and the
grip-ability coefficient reduces from 100 to 80%. If two types of roads with ϕxmax =
[0.7, 0.8], the braking force is almost equal to the grip force, the grip-ability coefficient
is 80–95%. When the tractor semi-trailer is braked on two types of roads with ϕxmax

= [0.9, 1.0], the braking force is less than the grip force, the grip-ability coefficient
is 60–70%, we can increase the braking force to increase the braking efficiency of the
vehicle.

For the rear tires, when the tractor semi-trailer is braked with MB = 80%MBmax on
three types of roads with grip coefficients of ϕxmax = [0.5, 0.6, 0.7], the braking force
is greater than the grip force, the tires are slipped, the grip-ability coefficient is reduced
from 100 to 80%. If three types of roads with grip coefficient are ϕxmax = [0.8, 0.9, 1.0],
the braking force is almost equal to the grip force, the grip-ability coefficient is 80–98%.
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Fig. 4 Slip coefficient of the front (a), middle (b) and rear (c) tires

4 Conclusions

The tractor semi-trailer brakes with the torqueMB = 80%MBmax on three types of roads
with grip coefficients are ϕxmax = [0.8, 0.9, 1.0] at a speed of 80 km/h, the braking
force is almost equal to the grip force, the grip-ability coefficient is 80–98%, the slip
ratio is less than 5%, the tractor semi-trailer moves stably and safely. When the tractor
semi-trailer brakes on three types of the road with a grip coefficient of ϕxmax = [0.5, 0.6,
0.7], the braking force is greater than the grip force, the tires are completely locked, the
slip coefficient is 100%, the grip-ability coefficient is reduced by about 20%, the tractor
semi-trailer moves unstably and unsafely.
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Fig. 5 Grip-ability coefficient of the front (a), middle (b) and rear (c) tires
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