
Citation: Han, Y.; Lu, Y.; Liu, J.;

Zhang, J. Research on Tire/Road

Peak Friction Coefficient Estimation

Considering Effective Contact

Characteristics between Tire and

Three-Dimensional Road Surface.

Machines 2022, 10, 614. https://

doi.org/10.3390/machines10080614

Academic Editors:

Antonios Gasteratos and

Ioannis Kostavelis

Received: 2 June 2022

Accepted: 22 July 2022

Published: 27 July 2022

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

machines

Article

Research on Tire/Road Peak Friction Coefficient Estimation
Considering Effective Contact Characteristics between Tire and
Three-Dimensional Road Surface
Yinfeng Han 1,2 , Yongjie Lu 1,2,*, Jingxv Liu 2 and Junning Zhang 3

1 State Key Laboratory of Mechanical Behavior and System Safety of Traffic Engineering Structures,
Shijiazhuang Tiedao University, Shijiazhuang 050043, China; 13073782851@163.com

2 Department of Mechanical Engineering, Shijiazhuang Tiedao University, Shijiazhuang 050043, China;
jingxul@163.com

3 School of Mechanics and Engineering Science, Shanghai University, Shanghai 200444, China;
zhangtinian@163.com

* Correspondence: luyongjie@stdu.edu.cn

Abstract: In the field of transportation, the accurate estimation of tire–road peak friction coefficient
(TRPFC) is very important to improve vehicle safety performance and the efficiency of road main-
tenance. The existing estimation algorithms rarely consider the influence of road roughness and
road texture on the estimation results. This paper proposes an estimation method of TRPFC con-
sidering the effective contact characteristics between the tire and the three-dimensional road. In the
longitudinal and lateral directions of tire–road contact, the model is optimized by incorporating the
effective contact area ratio coefficient into the LuGre tire model. The optimized model characterizes
the road texture by road power spectrum and establishes the relationship between road texture
and tire force. In the vertical direction of tire–road contact, the force transfer between tire and road
is represented by a new multi-point contact method. By combining the above models with the
normalization method and the unscented Kalman filter (UKF), the timely and accurate estimation
of the peak friction coefficient of the tire and the 3D road is realized. Simulation and real vehicle
experiments verify the effectiveness of the estimation algorithm.

Keywords: TRPFC estimation; three-dimensional road surface; effective contact; modified LuGre tire
model; tire/road contact

1. Introduction

At present, the global traffic safety situation is becoming increasingly severe, and the
number of traffic accidents is gradually increasing. In 2020, China’s automobile accidents
accounted for 64% of the total traffic accidents [1]. The main causes of automobile accidents
can be divided into two aspects: improper driving by drivers and the insufficient skid
resistance of roads [2,3]. The first aspect can be improved by the continuous improvement of
vehicle active safety technology. With the development of intelligent vehicles, vehicle active
safety systems are gradually becoming popular in daily life, such as the anti-lock braking
system (ABS), traction control system (TCS), and electronic stability system (ESP). They can
maximize the fault tolerance rate of the driver’s operation and have become indispensable
auxiliary systems to ensure vehicle safety. The second aspect involves road surfacing
and routine maintenance. The TRPFC can be used to characterize the skid resistance
between the tires and the road surface, which is the basis for the proper operation of active
vehicle safety technologies and an indispensable evaluation index for road maintenance [4].
Therefore, the study of the estimation of the coefficient is of great significance for reducing
the occurrence of traffic accidents.

In recent years, scholars engaged in research on the estimation of the TRPFC can
be broadly divided into two fields, the field of vehicle dynamics and the field of road
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engineering, which have different emphases. In the field of vehicle dynamics, studies
for estimation mostly obtain the TRPFC directly or indirectly by analyzing the vehicle
dynamics parameters [5], while in the field of road engineering, studies for measurement
are mostly focused on developing measurement methods under specific conditions (certain
load, test speed, road texture configuration, etc.). The corresponding empirical models can
be established by analyzing experimental data. The predictive calculation of the friction
coefficient was performed by the empirical models [6].

Among them, the estimation of the TRPFC in the field of vehicle dynamics can be
divided into two categories: test-based and model-based [7]. The test-based approach
is based on the direct monitoring of factors related to the TRPFC, which realizes the es-
timation of the TRPFC. Relevant sensors include the accelerometer on the smart tire [8],
ultrasonic sensors [9], magnetometers [10], etc. The method covers a wide range of sig-
nals and has a predictive effect, but it is influenced by the environment, expensive, and
hard to have a wide range of applications [11,12]. In addition, model-based studies can
calculate the change in vehicle dynamics parameters caused by changes in the TRPFC
by matching low-cost sensors from which the real-time TRPFC is obtained. The methods
can be further divided into four categories: the estimation of the TRPFC based on the
slip–slope relationship [13–15], fitting based on nonlinear formulas [16,17], fitting based on
road state characteristics factors [18], and fitting based on tire models [19–22]. In summary,
the model-based estimation method has a fast reaction velocity, high accuracy, and low
hardware cost, but most of the models do not consider the road surface excitation (built on
the assumption of a flat road surface) or just simplify it to two-dimensional road surface
unevenness. In the actual driving process of the vehicle, the contact between the tire and
the road is surface and it is not completely fit, the deviation of model will bring a negative
impact to the subsequent work. Therefore, how to reflect the effective contact between the
tire and the road in the models is an urgent problem in this field.

In the field of road engineering, it can be broadly divided into two categories: experi-
mental studies and studies on the anti-skid mechanism of road. Since the TRPFC and the
road texture structure can directly or indirectly characterize road skid resistance, in experi-
mental studies, corresponding measurement methods have been developed [23–25]. In the
study of measuring the TRPFC, there are three measuring instruments, the British pendu-
lum tester (BPT) [26], the dynamic friction tester (DFT) [27], and the Wehner/Schulze (W/S)
machine [28]. Among them, the BPT has a low cost and simple operation and is convenient
to carry, but it is not suitable for high speed. The latter two are suitable for measurement
at high speed, but they have high costs. In addition, the test conditions of these three in-
struments are fixed, there are some differences with the tire–road contact process, they can
only be limited to the measurement of the TRPFC under certain working conditions, and
the real-time performance cannot be guaranteed [6]. Studies on the measurement of road
texture structure make use of the sand spot method [29], the electric sand disk method [30],
and the outflow meter method [31]. MTD (mean texture depth) can be obtained and used
to characterize the road texture but cannot provide detailed information on the road texture.
In summary, most of the studies have focused on the evaluation of road skid resistance
under specific conditions using the appropriate measurement devices. There is a lack of
deeper studies on the contact friction between the tires and the roads. In addition, the data
obtained through measurements are usually a result and cannot form a quantitative expres-
sion formula that is relatively widely applicable. On the other hand, in the study of the
anti-skid mechanism based on the road surface, scholars have proposed different friction
theories and friction components to explain the friction mechanism between the tires and
roads, including the following statements. The friction between the tires and roads can be
divided into the van der Waals force, the adhesion force, the hysteresis effect within the
tire rubber, and the pear chipping effect [32]. The friction between the tires and roads can
be obtained by combining the adhesion component and the hysteresis component [33,34].
The friction can be composed of the adhesion component, the hysteresis component, and
the pear chipping component [35]. The Persson theoretical friction model focuses more on
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the hysteresis component [36]. In these studies, hysteresis and adhesion are considered
as the main components of friction between tires and roads [37]. In order to obtain a
quantitative description of the TRPFC, many scholars introduced contact mechanics into
the study of the TRPFC. Hertz derived an expression for contact area pressure based on
elastic contact deformation [38], Greenwood and Williamson introduced mathematical
statistics into contact theory based on Herz [39], the BGT model (designed by Bush, Gibson,
and Thomas) was developed for multi-convex body characteristic contact that involves two
different micro-convex body radii of curvature [40], and Persson proposed the concept of
the amplification coefficient and associated it with the actual contact area [41]. In summary,
the concept of the amplification coefficient can effectively describe the real contact situation
between the tires and roads. Compared with the three contact theories above, Persson’s
theory takes into account the power spectrum characteristics of the road and the rubber
compound modulus and it is more refined and expressive.

In summary, the model-based TRPFC estimation method can accurately estimate the
TRPFC in real time based on the vehicle dynamics response caused by the TRPFC, but it is
highly dependent on the accuracy of the model. The error of the tire–road contact model in
this field is mainly reflected in two aspects: Firstly, in the lateral and longitudinal aspect, the
contact area between the tire and the road will vary with the roughness of the road surface.
Secondly, in the vertical direction, most of the studies simplify the tire–road contact to point
contact rather than surface contact. In addition, in the field of road engineering, the research
on the friction mechanism takes more into account the material properties, distribution
characteristics, and velocity of the rubber and road. However, it takes less consideration
of the vehicle and cannot adapt to the various working conditions encountered in the
actual driving process. The real-time performance is difficult to be guaranteed due to the
dependence on the collection of experimental data.

Obviously, the advantages and disadvantages of the two fields can be complementary.
Therefore, this paper integrates the effective contact area ratio coefficient of tire and the road
into the two-dimensional non-uniformly distributed LuGre tire model [42,43], characterizes
the road texture by road power spectrum, and establishes the relationship between the road
texture and the tire force. For the tire–road vertical contact, which is different from the ex-
isting multi-point contact [44], a new multi-point contact is used to replace the single-point
contact to describe the vertical contact characteristics. After completing the optimization of
the tire–road contact model, the tire model is normalized by the normalization method [45].
Combining with the unscented Kalman filter, the TRPFC is estimated. The simulation was
performed with the B-level 3D road excitation input, the real vehicle test was conducted on
a dry asphalt road, and both the simulation and test results verified the effectiveness of
the method.

The paper is organized as follows: Section 2 describes the overall estimation strat-
egy, Section 3 establishes the vehicle dynamics model, Section 4 introduces the modified
tire–road contact model, Section 5 introduces the unscented Kalman filter, Sections 6 and 7
present the simulation and experimental results, respectively, and Section 8 is the conclusion.

2. Overall Estimation Strategy

The overall estimation flow chart is shown in Figure 1, where ax, ay are the longitudinal
and lateral accelerations for the vehicle’s center of gravity (CG), respectively, vx, vy are the
longitudinal and lateral velocities of the CG, respectively, and δ, γ, ω are the front wheel
steering angle, yaw rate, and roll angle, respectively. q denotes the road roughness, and
P(q) is the effective contact area ratio of the tire/road. The signals (acceleration, velocity,
angle, etc.) are output from the real vehicle sensors and CarSim (professional vehicle
dynamics simulation software for cars). The multi-point contact model is applied to the
vertical dynamic model. The vehicle dynamic model consists of a vertical dynamic model
and a side-longitudinal dynamic model. The effective contact area ratio of the tire–road is
combined with the two-dimensional non-uniform load distribution LuGre tire model to
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obtain the modified LuGre tire model. The normalization method is used to normalize the
tire model. Based on the above models, the TRPFC is estimated by the UKF.

Figure 1. Estimation flowchart for TRPFC.

3. Establishment of Vehicle Dynamics Model

The vehicle dynamics model is established, as shown in Figure 2.

Figure 2. Vehicle dynamics model.

The following motion differential equations are established [46,47]:
Equation of longitudinal motion:

mz(
.
vx − vyγ) + mb

.
zb

.
θb = Fx f l cos δ f − Fy f l sin δ f + Fx f r cos δ f − Fy f r sin δ f + Fxrl + Fxrr (1)

Equation of lateral motion:

mz(
.
vy + vxγ)−mb

.
zb

.
ψb −mbhg

..
ψb = Fx f l sin δ f + Fy f l cos δ f + Fx f r sin δ f + Fy f r cos δ f + Fyrl + Fyrr (2)

Equation of yaw motion:

.
γIz + Ixz

..
ψb = a(Fx f l sin δ f + Fy f l cos δ f + Fx f r sin δ f + Fy f r cos δ f ) +

T
2 (Fxrr + Fx f r cos δ f − Fy f r sin δ f )− T

2 (Fx f l cos δ f − Fy f l sin δ f + Fxrl)− (Fyrl + Fyrr)b (3)
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The load on each wheel can be expressed as:

Fz f l =
b

2L
mzg−

bhg

LT
mbay −

mbaxhg

2L
+ Kψψb + Kw(zw f l − q f l) (4)

Fz f r =
b

2L
mzg +

bhg

LT
mbay −

mbaxhg

2L
+ Kψψb + Kw(zw f r − q f r) (5)

Fzrl =
a

2L
mzg−

ahg

LT
mbay +

mbaxhg

2L
+ Kψψb + Kw(zwrl − qrl) (6)

Fzrr =
a

2L
mzg +

ahg

LT
mbay +

mbaxhg

2L
+ Kψψb + Kw(zwrr − qrr) (7)

where Fx f l , Fx f r, Fxrl , Fxrr, Fy f l , Fy f r, Fyrl , Fyrr are the longitudinal tire force and the lateral
tire force of four wheels, respectively. vx, vy are the longitudinal and lateral velocities for
the CG, respectively. γ, ψb, δ f , θb are the yaw rate, roll angle, front wheel steering angle,
and pitch angle, respectively. g is 9.8 m/s2, and ax, ay are the longitudinal and lateral
accelerations of the CG respectively. Ixz is the product of inertia for the vehicle in axles
X and Z. α f l , α f r are the slip angles for front wheels, respectively. qi(i = f l, f r, rl, rr)
denote the road roughness for the four wheels. zwi(i = f l, f r, rl, rr) denote the vertical
displacement for the centroid of the four wheels, respectively. The main parameters of
vehicle dynamics model are shown in Table 1, which can be used to describe the vehicle in
the test.

Table 1. Main parameters of vehicle.

Symbol Value and Unit Parameter Name

mz 880 kg Total vehicle mass
mb 788 kg Sprung mass
L 2.040 m Wheel base
a 1.145 m Distance from centroid to front axle
b 0.895 m Distance from centroid to rear axle
hg 0.54 m Centroid height
T 1.3 m Wheel track width
Iz 832.3 kg ·m2 Moment of inertia about the z-axis

Kψ 25,041 N/rad Tire cornering stiffness
Kb 19.6 kN/m Stiffness coefficient of suspension system
cb 1450 N · s/m Damping Constant of Suspension Buffer
Kw 250 kN/m Tire stiffness coefficient
Cw 375 N · s/m Tire damping coefficient

4. Modified Tire/Road Contact Model
4.1. Vertical Dynamics Model

The construction of the vertical dynamics model is shown in Figures 3 and 4. Figure 3(1)
shows the multi-point contact model. The tire–road contact part is discretized into 25
contact elements, and the three-dimensional road surface is discretized into 25 function
points for road roughnesses, corresponding to the 25 contact elements respectively. After
the three-dimensional road vertical excitation is processed by the multi-point contact model
between the tires and the roads, the contact point between the tire and the suspension is
equivalent to a concentrated point to study.
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Figure 3. Tire–road vertical dynamics model.

Figure 4. Quarter suspension model.

The multi-point contact model has been applied to a quarter suspension model, as
Figure 4 shows.

The equation of vertical motion can be expressed as:mwq
..
zwi + Cb(

.
zwi −

.
zbi) + Kb(zwi − zbi) +

n
∑

i=1
cwi(

.
zwi −

.
qi) +

n
∑

i=1
kwi(zwi − qi) = 0

mbq
..
zbi + Cb(

.
zbi −

.
zwi) + Kb(zbi − zwi) = 0

(8)

{
kwi =

Kw
n

cwi =
Cw
n

(9)

where kwi is the tire distribution stiffness coefficient, cwi is the tire distribution damping co-
efficient, mwq is the unsprung mass, mbq is the sprung mass, zwi(i = f l, f r, rl, rr) denote the
vertical displacement for the centroid of the four wheels, respectively, zbi(i = f l, f r, rl, rr)
denote the vertical displacement for the sprung mass, and n is the number of discrete points.

4.2. Construction of 3D Road

Vertical road excitation has a great influence on the dynamic performance of vehicles.
Establishing an accurate road model is very important to improve simulation accuracy.
Therefore, the 3D road was reconstructed according to the fractal theory [44], as shown in
Figure 5, which was used to act as a 3D road excitation during the simulation.
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Figure 5. A-H-level 3D road reconstruction results.
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4.3. Modified LuGre Tire Model

To consider the effective contact characteristics of the tire/road in the tire model, it is
known from Persson’s theory [41] that the effective contact area ratio of the tire/road can
be expressed as:

P(q) ≈ (1 + (πG(q))
3
2 )
− 1

3
(10)

G(q) =
1
8

q∫
qL

q3C(q)dq
2π∫
0

dϕ

∣∣∣∣E(qv cos ϕ)

(1− γ2)σ0

∣∣∣∣2 (11)

where C(q) is the road power spectral density function, which can be expressed as [48]:

C(n′) = C(n0)(
n′

n0
)
−W

(12)

where C(n0) is the road power spectral density value at the reference spatial frequency,
which varies on different roads [48], n′ is the spatial frequency, n0 is the reference spatial
frequency, C(n0) is the road power spectral density value under the reference spatial
frequency, and W is the frequency index.

Based on the LuGre tire model in reference [42,43], combining with Equations (10) and (11),
the modified LuGre tire model can be expressed as:

Fx,y = P(q) · [Fz · (σ0x,yC1x,y + σ2x,yvrx,y)−
Fz

2
· A1σ0x,yC1x,y I(n1)

Fx,y
] (13)

Mz = P(q) · aFz · [
1
2

A1σ0yC1y I(n1)
Mz
− (σ0yC1y + σ2yvry) ·

∆1

a
] + bFz ·

∆2

b
[
1
4

A1σ0xC1x I(n1)
Fx
− (σ0xC1x + σ2xvrx)] (14)

I(n1)
Fx,y

= I1x,y − B1 I2x,y + (λ1 − 1)I(2n1+1)x,y − B1(λ1 − 1)I(2n1+2)x,y − λ1 I(4n1+1)x,y + B1 I(4n1+2)x,y (15)

I(n1)
Mz

= I2y − B1 I3y + (λ1 − 1)I(2n1+2)y − B1(λ1 − 1)I(2n1+3)y − λ1 I(4n1+2)y + B1 I(4n1+3)y (16)

Iix,y = −
C2x,y

a
[exp(−2a/C2x,y) + (−1)i−1 − iI(i−1)x,y](i = 1, 2) (17)

C1x,y =
vrx,yθgx,y(vrx,y)∣∣vrx,y

∣∣σ0x,y
(18)

C2x,y =

∣∣∣∣ ωr
vrx,y

∣∣∣∣ · θgx,y(vrx,y)

σ0x,y
(19)

g(vr) = µc + (µs − µc) exp(−|vr/vs|as) (20)

A1 =
(2n1 + 1)(4n1 + 1)
2n1(4n1 + 1 + λ1)

(21)

B1 = −3(2n1 + 3)(4n1 + 3)(4n1 + 1 + λ1)

(2n1 + 1)(4n1 + 1)(4n1 + 3 + 3λ1)
· ∆1

a
(22)

The tire slip angle can be expressed as:

α = δ− tan−1(
vty

|vtx|
) (23)

where vtx is the longitudinal wheel speed and vty is the lateral wheel speed.
The slip ratio can be expressed as:

sx =

{ ωr·cos α−vw
vw

, if braking
ωr·cos α−vw

ωr·cos α , if driving
(24)
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sy =

{ ωr·sin α
vw

, if braking
tan α , if driving

(25)

sR =
√

s2
x + s2

y ≤ 1 (26)

The other parameters of the tire model can be found in references [42,43].

4.4. Tire Model Normalization

According to the normalization method [45], there are:

Fx = µRmaxgF0
x (27)

F0
x =

P(q) · sx

µRmaxh · sR

(
Fz · (σ0xC1x + σ2xvrx)−

Fz

2
· A1σ0xC1x I(n1)

Fx

)
(28)

Fy = µRmaxgF0
y (29)

F0
y =

P(q) · sy

µRmaxh · sR

(
Fz · (σ0yC1y + σ2yvry)−

Fz

2
· A1σ0yC1y I(n1)

Fy

)
(30)

where µRmaxh is the peak friction coefficient of the adjacent road [45] and F0
x , F0

y are the
longitudinal and lateral normalized forces, respectively, independent of the peak friction
coefficient to be identified.

4.5. Establishment of System Equations

In order to estimate the peak friction coefficient of the tire/road, according to Equa-
tions (1)–(3), (27), and (29), there are:

.
vx − vyγ +

mb
mz

(
.
zb

.
θb) = µ f l(

F0
x f l

cos δ f

mz
−

F0
y f l

sin δ f

mz
) + µrl

F0
xrl

mz
+ µ f r(

F0
x f r

cos δ f

mz
−

F0
y f r

sin δ f

mz
) + µrr

F0
xrr

mz
(31)

.
vy + vxγ− mb

mz
(

.
zb

.
ψ + hg

..
ψb) = µrl

F0
yrl

mz
+ µrr

F0
yrr

mz
+ µ f l(

F0
x f l

sin δ f

mz
+

F0
y f l

cos δ f

mz
) + µ f r(

F0
x f r

sin δ f

mz
+

F0
y f r

cos δ f

mz
) (32)

.
γ + Ixz

Iz

..
ψb = µ f l(

a
Iz

F0
x f l

sin δ f − T
2Iz

F0
x f l

cos δ f +
a
Iz

F0
y f l

cos δ f +
T

2Iz
F0

y f l
sin δ f ) + µ f r(

a
Iz

F0
x f r

sin δ f +
T

2Iz
F0

x f r
cos δ f +

a
Iz

F0
y f r

cos δ f − T
2Iz

F0
y f r

sin δ f )

−µrl(
T

2Iz
F0

xrl
+ b

Iz
F0

yrl
) + µrr(

T
2Iz

F0
xrr −

b
Iz

F0
yrr )

(33)

From the above Equations (31)–(33), the equation of state is obtained as follows:
µ f l(n + 1)
µ f r(n + 1)
µrl(n + 1)
µrr(n + 1)

 =


1 0 0 0
0 1 0 0
0 0 1 0
0 0 0 1




µ f l(n)
µ f r(n)
µrl(n)
µrr(n)

+ w(t) (34)

The measurement equation can be expressed as follows:
.
vx − vyγ + mb

mz
(

.
zb

.
θb)

.
vy + vxγ− mb

mz
(

.
zb

.
ψ + hg

..
ψb)

.
γ + Ixz

Iz

..
ψb

 =

H(1, 1) H(1, 2) H(1, 3) H(1, 4)
H(2, 1) H(2, 2) H(2, 3) H(2, 4)
H(3, 1) H(3, 2) H(3, 3) H(3, 4)




µ f l
µ f r
µrl
µrr

+ v(t) (35)
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H(1, 1) =
F0

x f l
cos δ f

mz
−

F0
y f l

sin δ f

mz

H(1, 2) =
F0

x f r
cos δ f

mz
−

F0
y f r

sin δ f

mz

H(1, 3) =
F0

xrl

mz
, H(1, 4) =

F0
xrr

mz

H(2, 1) =
F0

x f l
sin δ f

mz
+

F0
y f l

cos δ f

mz

H(2, 2) =
F0

x f r
sin δ f

mz
+

F0
y f r

cos δ f

mz

H(2, 3) =
F0

yrl

mz
, H(2, 4) =

F0
yrr

mz

H(3, 1) =
a
Iz

F0
x f l

sin δ f −
T

2Iz
F0

x f l
cos δ f +

a
Iz

F0
y f l

cos δ f +
T

2Iz
F0

y f l
sin δ f

H(3, 2) =
a
Iz

F0
x f r

sin δ f +
T

2Iz
F0

x f r
cos δ f +

a
Iz

F0
y f r

cos δ f −
T

2Iz
F0

y f r
sin δ f

H(3, 3) = − T
2Iz

F0
xrl
− b

Iz
F0

yrl

H(3, 4) =
T

2Iz
F0

xrr −
b
Iz

F0
yrr

(36)

where µij(ij = f l, f r, rl, rr) represent the peak friction coefficients between the four tires

and surface of the target road, respectively, and the random variables w(t) and v(t) are
process noise and measurement noise, respectively.

5. Unscented Kalman Filter

The estimation flow of the UKF [10] can be expressed as shown in Figure 6. The
initial values in the filtering process are the measurement noise covariance, R = 0.02 · I3×3,
the process noise covariance, Q = 0.01 · I4×4, and the corresponding covariance matrix,
P0 = 0.1 · I4×4.
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Figure 6. UKF estimation flowchart.



Machines 2022, 10, 614 12 of 16

6. Simulation Verification Analysis

Two operating conditions that included the straight-line braking condition and the
combined turning and braking condition were simulated by CarSim and Matlab/Simulink.
By replacing the internal tire model of CarSim with the modified LuGre tire model and
replacing the tire-suspension part, a simulation environment that included the contact
between the tire and the 3D road surface was ensured.

6.1. Straight-Line Braking Condition

The TRPFC was set to 0.85, the initial speed was 120 km/h, and the straight-line
braking [49] condition was set. The B-level 3D road excitation data were used as the
signal input. Taking the left front wheel as an example, the simulation results are given in
Figure 7(1),(2).

Figure 7. Simulation results.

From Figure 7(1),(2), it can be seen that the maximum longitudinal acceleration could
reach −1.75 m/s2 and that the TRPFC converged to 0.8 before 0.8 s and then fluctuated
around 0.85, but the overall error was maintained in [−0.05, 0.05].

6.2. Combined Turning and Braking Condition

The experimental road was circular, the radius was 30 m, the TRPFC was set to 0.85,
the initial speed was 60 km/h, and the combined turning and braking condition [50]
is set. Taking the left front wheel as an example, the simulation results are shown in
Figure 7(3)–(6).

From Figure 7(3)–(6), it can be seen that the maximum longitudinal acceleration could
reach −1.35 m/s2, the maximum lateral acceleration could reach 9 m/s2, and the TRPFC
converged to 0.9 after 0.2 s. After that, it fluctuated around 0.85 and was generally stable.
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7. Real Vehicle Test
7.1. Real Vehicle Test Platform

As shown in Figure 8, the test platform was a wire-controlled modified utility ve-
hicle (UTV, from RONGJUNTECH) with a four-wheel independent drive. The vehicle
was equipped with a variety of sensors to obtain the test results. The sensors included
GPS, inertial guidance (XSENS MTi-G-710), wheel speed sensors, and a steering wheel
angle sensor.

Figure 8. Real vehicle test platform.

7.2. Straight-Line Test

As shown in Figure 8, the straight-line driving condition [49] on a dry asphalt road was
set. The peak friction coefficient between the tire and the dry asphalt road was in the range
of [0.8,0.91] according to the available data [44], and the average test speed was 35 km/h.
Taking the left front wheel as example, the test results are shown in Figure 9(1),(2).

From Figure 9(1),(2), it can be seen that the maximum longitudinal acceleration could
reach 1.7 m/s2 and that the TRPFC converged to 0.8 at about 0.3 s, then fluctuated steadily
at about 0.86.

7.3. Curved Test

The experimental road was a dry asphalt circular road, the radius was 33.33 m, and
the curved test [50] was set. The average test speed was 40 km/h. Taking the left front
wheel as an example, the test results are shown in Figure 9(3)–(6).

From Figure 9(3)–(6), it can be seen that the longitudinal acceleration was up to
0.4 m/s2, the lateral acceleration fluctuated between −2.2 m/s2 and −1.4 m/s2, and the
steering wheel angle was up to 72 degrees. The TRPFC converged to 0.82 before 0.2 s and
rose to about 0.87 after 0.6 s, then basically remained stable.
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Figure 9. Real vehicle test results.

8. Conclusions

In the longitudinal and lateral directions, by combining the effective contact area ratio
between the tire and the road with the LuGre tire model, a tire model considering the road
surface texture was obtained. In the vertical direction, the single-point model was replaced
by the multi-point contact model. The two models make up the modified tire/road contact
model. By combining the models with the UKF algorithm, the estimation result of the
TRPFC was obtained.

From the simulation and experimental results, it can be seen that the proposed es-
timation algorithm can achieve an estimation of the TRPFC within 0.8 s, and the error
can be maintained in [−0.05,0.05], whether in severe or steady daily conditions, which
indicates that the proposed algorithm can estimate the TRPFC timely and accurately while
considering the road texture.

Currently, the road is divided into eight grades from A to H. The estimation algorithm
can adjust the estimation results according to the road grade to improve the estimation
accuracy. All these contributions are important for promoting the development of vehicle
active safety technology, improving the efficiency of road maintenance, alleviating the
severe traffic situation, and reducing traffic accidents.

In the next step, the longitudinal–lateral–vertical coupling model of tire–road contact
will be studied to further improve the estimation accuracy of the algorithm.
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