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Abstract: The tire/road peak friction coefficient (TRPFC) is the core parameter of vehicle stability
control, and its estimation accuracy significantly affects the control effect of active vehicle safety. To
estimate the peak adhesion coefficient accurately, a new method for the comprehensive adhesion
coefficient of three-dimensional pavement based on a dimensionless data-driven tire model is pro-
posed. Firstly, in order to accurately describe the contact state between the three-dimensional road
surface and the tire during driving, stress distribution and multi-point contact are introduced into the
vertical dynamic model and a new tire model driven by dimensionless data is established based on
the normalization method. Secondly, the real-time assessment of lateral and longitudinal adhesion
coefficients of three-dimensional pavement is realized with the unscented Kalman filter (UKF). Finally,
according to the coupling relationship between the longitudinal tire adhesion coefficient and the
lateral tire adhesion coefficient, a fuzzy reasoning strategy of fusing the longitudinal tire adhesion
coefficient and the lateral tire adhesion coefficient is designed. The results of vehicle tests prove that
the method proposed in this paper can estimate the peak adhesion coefficient of pavement quickly
and accurately.

Keywords: peak adhesion coefficient; three-dimensional road; fuzzy adaptive; tire model; tire/road
contact; data driven; information fusion

1. Introduction

The rapid increase in the number of cars also brings about frequent traffic accidents
and other problems [1,2]. On one hand, these traffic accidents are caused by drivers, such
as drunk driving, fatigue driving, non-professional factors, etc. On the other hand is the
traffic accident caused by the change in tire performance due to changes in climate and road
conditions. For example, under severe winter ice and snow weather conditions, the road
surface becomes slicker and the TRPFC between the three-dimensional road surface and
the tire is reduced, making the vehicle more prone to collision, sideslip, and other accidents.
The state change between tire/road poses a higher challenge to the active safety control
strategy of autonomous vehicles [3–5]. Especially under complex working conditions such
as heavy load, high speed, braking, and emergency steering, the contact between the three-
dimensional road surface and the tire is in a non-linear, transient, and non-smooth dynamic
action process. The dynamic frictional contact relationship between the three-dimensional
road surface and the tire is complex. Suppose the active control strategy only relies on the
front-end sensing sensors to obtain the surrounding vehicle information and the traditional
static adhesion coefficient; in that case, it cannot meet the demand for autonomous vehicles
in full road driving conditions. Therefore, the research on how to describe the tire/road
contact state and estimate the TRPFC timely and accurately in the vehicle driving process
has become a complex problem in the area of active vehicle control.
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Many studies have been done nationally and internationally on the estimation of
TRPFC, which can be categorized into cause-based and effect-based [6].

The cause-based method mainly uses optical sensors, acoustic sensors, tire tread
sensors, etc. to measure parameters related to road friction and estimate the TRPFC.

In Ref. [7], a real-time acoustic analysis algorithm based on tire/road noise is proposed
to classify asphalt state. In [8,9], TRPFC is estimated by measuring the degree of light
absorption and scattering by road surface with an optical sensor. In Ref. [10], sensors are
used to extract texture features and color grades of roads to complete road classification.
In [11], the correlation between road state and intelligent tire test signal is established
through the acceleration signal of the intelligent tire to complete the classification and
identification of pavement. In [12], TRPFC is estimated by measuring the lateral strain of
the tire part using piezoelectric sensors arranged in the tire. In [13], the triaxial acceleration
sensor is installed on the ridge line inside the tire for data acquisition, and the vertical load
of the tire is obtained by neural network algorithm. In Refs. [14,15], the triaxial acceleration
sensor installed in the tire is used to collect the vertical acceleration signal, and it is used as
the index of road friction. The test roads are ice and cement, respectively. The results show
that the vibration characteristics caused by sliding on the low friction road surface can be
used to identify the adhesion state of the road.

The advantage of the above identification method is that it can better identify the
TRPFC when the tire’s longitudinal force is small. However, this method is challenging to
popularize and apply, mainly for the following reasons. Firstly, because vehicles’ actual
running road conditions are complex and changeable, road surface recognition based on
acoustic and optical sensors needs a lot of data processing and training. Secondly, the
tread sensor-based method needs to arrange the sensor within the tire, which places higher
demands on the power supply and reliability of the detector.

The effect-based method estimates the TRPFC by measuring and analyzing the re-
sponse of the whole vehicle caused by the road surface change. The identification method
estimates the TRPFC based on a mathematical model, primarily including the dynamic
model-based estimation method and the curve-based estimation method of the coefficient-
of-slip ratio of road adhesion.

In [16], the recursive least squares (RLS) method is applied to estimate the slip and
slope of test vehicles on icy pavement and dry asphalt pavement, respectively. The results
demonstrate that this method can rapidly and reliably identify adhesion coefficients of
different pavements. In [17], on the basis of the connection between both the slip ratio
and adhesion coefficient, in order to estimate the coating adhesion coefficient, we adopt
the least square method for multivariate fitting. A longitudinal logistic model of vehicle
collision avoidance is designed to consider the gradient of the road and the road adherence
coefficient. In [18], the wheel slip rate and the adhesion coefficient are used as the input
parameters of fuzzy logic, and then the adhesion coefficient of the current road surface is
finally estimated. In [19], an estimation algorithm of the TRPFC based on mixed theory is
proposed. In the range of small slip ratio, the generalized regression neural network theory
is used to accurately create the mapping between input parameters and the pavement
adhesion coefficient. In contrast, in the range of large slip ratio, the magic tire pavement
model combined with Bayesian theory is used for estimation. In [20–22], a method for
identifying the TRPFC under longitudinal sliding conditions of tires establishes the rela-
tionship between longitudinal tire force and sliding rate through tire models such as the
Burckhardt and Dugoff models. In summary, the advantage of this kind of algorithm is
that it does not need expensive sensors. However, it only uses low-cost sensors (such as
wheel speed sensors, combined sensors, etc.), and this method has fast response speed and
high estimation accuracy.

As can be seen, researchers have made numerous accomplishments in TRPFC estima-
tion. However, many problems still need to be addressed.

Firstly, the existing estimation methods of the TRPFC based on vehicle dynamics pay
little attention to road roughness, and most give little consideration to road excitation or
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simplify it into a two-dimensional road non-uniformity model. These differences inevitably
result in decreased accuracy of the TRPFC algorithm. Therefore, how to account for three-
dimensional road roughness in the dynamic model and how to reduce model error are
pressing problems that need to be addressed.

Secondly, the current research methods mainly focus on estimating vehicle longitu-
dinal or lateral adhesion coefficients and seldom consider the coupling process of vehicle
longitudinal or lateral motion. How to integrate longitudinal or lateral movements is also a
vital issue.

Finally, tires are affected by many conditions during driving, and many scholars
have studied this at present. In [23], finite element (FE) model techniques with particular
applications of material properties accurately estimate the parameters of flexible ring
tire models. In [24], The variation law between tire size contact area and pressure and
load in summer was measured by experiments. In [25], a reliable three-dimensional (3D)
tire-pavement interaction model is established to simulate the interface contact stress
under static conditions. In [26], a tire sensing approach is used to investigate the rolling
resistance force through measurements of the rolling deformation of truck tires. In [27], the
vehicle accident is analyzed according to the tire yaw trace information deposited on the
road surface. In [28,29], experiments under the condition of static load measure the data.
The obtained results made it possible to determine the directional stiffness of the radial,
peripheral, lateral, and torsional tires. In [30], by embedding the sensor into the tire, the
tire force is estimated based on the acceleration signal. In [31], to solve the longitudinal and
lateral tire force estimation of four-wheel drive vehicles, a robust PMI observer based on an
LPV model is proposed. In [32], an integrated friction estimation algorithm based on a half-
car vehicle model that can simultaneously estimate the combined friction condition along
the longitudinal and lateral directions with some basic measurements is presented. In [33],
an integrated tire-vehicle model is proposed to evaluate vehicle braking performance
based on Persson’s friction theory, a tire hydroplaning finite element model, and a vehicle
dynamic analysis.

In summary, the tire model has a fatal effect in estimating the adhesion coefficient.
The current steady tire models can be categorized into theoretical models [34–39], empirical
models [40,41], and semi-empirical models [42–45]. However, most of the formulas of the
tire models mentioned above are complex, requiring many parameters, and solving speed
are slow, which is challenging to meet real-time control requirements. Furthermore, most
algorithms are based on the tire model with fixed parameters. However, the tire model
is non-fixed parameter in actual working conditions. How to build a tire model with no
parameters and adaptive changes with the vehicle’s driving state is particularly important.

The main aims of this study are to address the above issues.

1. To describe the pavement excitation more accurately, the stress distribution pattern
between the tire/road and the mechanical properties of the multi-point contact are
considered in the model of the vertical dynamics.

2. In order to address the parameter identification problem of the traditional tire model,
a new dimensionless data-driven tire model is proposed to represent the dynamic
friction relationship between the three-dimensional road surface and the tire.

3. To estimate the integrated adhesion coefficients. According to the coupling relation-
ship between the longitudinal and lateral adhesion coefficients, the fuzzy inference
strategy is adopted to fuse the longitudinal tire adhesion coefficients and lateral tire
adhesion coefficients obtained from the UKF algorithm.

The main structure of this article is as follows. Section 2 mainly introduces the
establishment of the vehicle planar dynamics model and the vertical dynamic model.
Section 3 mainly explains the algorithm of the peak adhesion coefficient. In Sections 4 and 5,
the effectiveness of this algorithm is verified by actual vehicles and simulated vehicles.
Section 6 gives the conclusion of this paper.



Machines 2023, 11, 189 4 of 22

2. Modeling of Vehicle/Tire/Road Interactions
2.1. Vehicle Planar Dynamic Model

According to the research needs, the pitch, tire deformation, road slope, and aero-
dynamics are neglected, and the vehicle dynamics model is established based on the
D’Alembert principle, and the suspension part is simplified to several springs and dampers,
as shown in Figure 1.

Figure 1. Vehicle planar four-wheel dynamics models.

The vehicle planar four-wheel dynamics models is as follows [46].
The longitudinal equation is as follows:

mz(
.
vx− vyγ)+mb

.
zb

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

The lateral equation is as follows:

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 + Fyrl + Fy f r cos δ f + Fyrr (2)

The yaw equation is as follows:

.
γIz + Ixz

..
ψb = T

2 (Fxrr − Fy f r sin δ f + Fx f r cos δ f )− b(Fyrr + Fyrl)− T
2 (Fx f l cos δ f + Fxrl − Fy f l sin δ f ) + a(Fy f l cos δ f + Fx f r sin δ f + Fx f l sin δ f + Fy f r cos δ f ) (3)

where Fx f l , Fx f r, Fxrl , Fxrr are the tire force of longitudinal for four wheels, separately;
Fy f l , Fy f r, Fyrl , Fyrr are the tire force of lateral for four wheels, separately; vx is longitu-
dinal velocity; vy is lateral velocity. γ is yaw rate, ψb is roll angle, δ f is front wheel steering
angle, and θb is pitch angle for the vehicle. G is 9.8 m/s2, ax is longitudinal for the vehicle
and ay is lateral accelerations for the vehicle. Ixz is the inertia product in the axle X and Z.
α f l is slip angle for the left front wheel, α f r is the slip angle for the right front wheel. Table 1
provides the key parameters required by the vehicle in the vehicle dynamics model and
test. Data are from Ref. [47].

2.2. Vertical Dynamic Model

The interaction between the three-dimensional road surface and tire is achieved
through a small contact surface, and the contact area is one of the core factors determining
the tire’s mechanical properties. As the length of the tire footprint changes when the tire
rolls on the three-dimensional road, this paper uses the experimental method to measure
the length of the tire footprint, as shown in Figure 2a. Most vehicles use radial tires, so
this experiment takes radial tires as an example [48,49]. Under the standard tire pressure,
increasing pressure is applied to the tires, and the tire footprints and lengths under different
pressures are recorded [48,49], as shown in Figure 2b,c.
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Table 1. Key parameters of the vehicle.

Symbol Value Name of Parameter

mz 880 kg Total vehicle mass
mb 788 kg Sprung mass
L 2.040 m Wheel base
a 1.145 m Distance from front axle to centroid
b 0.895 m Distance from rear axle to centroid
hg 0.54 m Centroid height
T 1.3 m Width of wheel track
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/m2 Damping constant of suspension buffer
Kw 250 Kn/m Stiffness coefficient of tire
Cw 3375 N·s/m2 Damping coefficient of tire

Figure 2. Experiment of tire and vertical load. (a) Experimental operation. (b) Contact length curve
fitting. (c) Contact area curve fitting.

Linear fitting the data obtains a functional relationship [48,49], as shown in Formulas (4)
and (5):

L = 0.006741x + 80.786 (4)

S = 1.45825x + 2215.2 (5)
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where x is the vertical load (N); L is the grounding footprint length (mm); S is the ground
footprint area (mm2).

According to the different distributions of contact stress on the contact surface, the
contact surface is divided into different areas in this paper: the middle part is the central
district, accounting for 60%, and the rest is the marginal area, accounting for 40%, as shown
in Figure 3. According to the experimental measurement [50], the average contact stress
ratio between the center area and the edge area of the radial tire is about 1.2 to determine
the weighting coefficient of each area.

Figure 3. Tire contact stress distribution diagram.

Based on fractal theory [40], the 3D pavement surface is reconstructed and used as
a spatial excitation for vehicle systems. The vertical load determines the contact area
between the tire/road applied to the tire, as shown in Equation (5). According to the stress
distribution law, the actual contact surface is divided into three areas: a central area and two
edge areas. To balance the calculation efficiency and retain the integrity of the pavement
features, the lateral and longitudinal distances between adjacent point units are both 5mm,
where the weighting factor of the discrete point unit in the edge area is 1, and that of the
discrete point unit in the central district is 1.2. The established 3D pavement excitation is
transferred into the vertical dynamic contact models, as shown in Figure 4.

Figure 4. Tire and three-dimensional road vertical dynamic contact models.
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The tire and three-dimensional road dynamic contact model is as follows:
mw

..
zw + Cb(

.
zw −

.
zb) + Kb(zw − zb) +

m
∑

i=1
cwi(

.
zwi −

.
qi) +

m
∑

i=1
kwi(zwi − qi) + 1.2

n
∑

j=1
cwi(

.
zwi −

.
qi) + 1.2

n
∑

j=1
kwi(zwi − qi) = 0

mb
..
zb + Cb(

.
zb −

.
zw) + Kb(zb − zw) = 0

(6)

{
kwi =

Kw
n+m

cwi =
Cw

n+m
(7)

The load for each wheel is:

Fz f l =
b

2L mzg− bhg
LB mbay −

mbaxhg
2L + kψψb +

m
∑

i=1
kw f (zw f l − q f l) + 1.2

n
∑

j=1
kwi(zw f l − q f l ) (8)

Fz f r =
b

2L mzg +
bhg
LB mbay −

mbaxhg
2L + kψψb +

m
∑

i=1
kw f r(zw f r − q f r) + 1.2

n
∑

j=1
kw f r(zw f r − q f r) (9)

Fzrl =
a

2L mzg− ahg
LB mbay +

mbaxhg
2L + kψψb +

m
∑

i=1
kwrl(zwrl − qrl) + 1.2

n
∑

j=1
kwrl(zwrl − qrl) (10)

Fzrr =
a

2L mzg +
ahg
LB mbay +

mbaxhg
2L + kψψb +

m
∑

i=1
kwrr(zwrr − qrr) + 1.2

n
∑

j=1
kwrr(zwrr − qrr) (11)

where m and n are the number of contact points in the marginal area and central district;
kwi, Kw, and Kb are the tire distribution stiffness factor, tire stiffness factor, and suspension
stiffness factor, respectively; cwi, cb, and cw are the tire distribution damping factor, suspen-
sion damping factor, and tire damping factor, respectively. qi(i = f l, rr, rl, f r) indicates
the road roughness. zwi(i = rl, rr, f l, f r) indicates vertical displacement for the centroid,
separately. Table 1 shows the key parameters for the vehicle dynamics models.

2.3. Adaptive Parameter-Free Tire Model Based on Data Driven

In this section, a new intelligent tire model is put forward. This model has no compli-
cated formula form, and it does not need a lot of experimental fitting of the coefficients. It
only needs to input the dynamic parameter variables of the vehicle in the running process
to get the mechanical characteristics between the tire and the road. Because the slip ratio,
vertical load, inclination angle, and the length of the footprint have great influence on the
mechanical properties of the tire, the fuzzy tire model uses the above parameters to obtain
the final mechanical properties of the tire.

2.3.1. Tire Model

There are four layers of fuzzy operating systems in the model, as shown in Figure 5,
each containing two parts: fuzzification and fuzzy decision. Fuzzification is to fuzzify
the dynamic input parameters with the sine membership function, convert them into
recognizable fuzzy language values, and then send them to the next fuzzy decision-making
part. The decision-making process is divided into fuzzy logic reasoning and database.
Fuzzy reasoning contains corresponding fuzzy operation rules, and Formulas (12)–(16) are
specific operation processes; the required data for the fuzzy operation rules of the database
are provided, and the data after the decision are output as the database of the lower system.

The detailed expressions in the first level of fuzzy operations are shown in Equation (12)

µ(Sx) =
n

∑
i=1

B1(Sx, Fn, α, L)Mi,1(Sx) (12)

where µ(Sx) is the data input to the lower level, and B1(Sx, Fn, α, L) is the data from the
Ref. [51], obtained by fitting in the LuGree model, and Mi,1(Sx) is the fuzzy set of slip rates.

The detailed expression in the second level of fuzzy operations is shown in Equation (13)

µ(Fn) =
n

∑
i=1

B2(Fn, α, L)Mi,2(Fn), B2(Fn, α, L) = µ(Sx) (13)
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where µ(Fn) is the data input to the lower layer, B2(Fn, α, L) is the experimental data
obtained from the system in the upper layer, and Mi,2(Fn) is the fuzzy set of vertical loads.

The detailed expression in the third level of fuzzy operations is shown in Equation (14).

µ(α) =
n

∑
i=1

B3(α, L)Mi,3(α), B3(α, L) = µ(Fn) (14)

where µ(α) is the data input to the lower layer, B3(α, L) is the experimental data obtained
from the system in the upper layer, and Mi,3(α) is the fuzzy set of angles.

The detailed expression in the fourth level of fuzzy operations is shown in Equation (15).

µ(L) =
n

∑
i=1

B4(L)Mi,4(L), B4(L) = µ(α) (15)

where µ(L) is the final output, and B4(L) is the experimental data obtained from the system
in the upper layer, and Mi,4(L) is the fuzzy set of contact line lengths.

The final output is shown in Equation (16)[
Fx, Fy, Mz

]
= µ(L) (16)

Tire longitudinal forces, lateral forces, and aligning torque can be gained by inputting
the appropriate dynamic parameters to each system layer. The data can be driven online
and updated in real time. The model proposed in this section requires only a small amount
of data to be driven, avoiding the effect of parameters on the physical characteristics of the
tire in existing models.

Figure 5. Adaptive parameter-free tire model based on data driven model.
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2.3.2. Tire Model Verification

The MF tire model has been widely used in vehicle dynamics simulation and analysis
because of its high fitting accuracy and wide application range. Therefore, the magic tire is
selected as the comparative data in this paper, and the magic formula and parameters are
from Ref. [51].

Figure 6 verifies longitudinal tire force and compares the tire force of two tire models
under compound slip conditions.

Figure 6. Longitudinal force contrast curve. (a) µ = 0.9. (b) µ = 0.3.

Comparing the two data groups with the root mean square error result, the root mean
square is Formula (17), and its RRMSE value is less than 0.0954.

RRMSE =

√√√√ 1
n

n

∑
i=1

∣∣∣∣ xsi − xei
xei

∣∣∣∣2 (17)

where xsi is adaptive tire model data, xei is MF tire model data.
Figure 7 verifies tire lateral force and compares the tire force of two tire models under

compound slip conditions.
Comparing the two groups of data with the root mean square error result, the RRMSE

value is less than 0.1154.
The results show that the adaptive parameter-free tire model can accurately predict

the longitudinal force and lateral force between tire and road under both high and low-
adhesion roads.

Although this model has obvious advantages, at the same time, it also has some
shortcomings.

1. Although the model does not need to establish complex formulas and fit parameters, it
can also use various factors as input conditions (pattern, temperature, speed, pressure,
meridian and lateral stiffness, tire size, tire pressure, etc.). Still, it is necessary to
measure the experimental data of tire mechanical characteristics under the above
conditions as a database for fuzzy operation of the model. However, the actual
working conditions of tires are complex and changeable, and it takes a massive
amount of test work to express the mechanical characteristics of tires fully.



Machines 2023, 11, 189 10 of 22

2. The accuracy of the experimental data on tire mechanical characteristics significantly
influences the model.

Although the model is imperfect, we think it has high practical value. By continuously
obtaining experimental data under different conditions (temperature, speed, pressure, radial
and lateral stiffness, tire size, tire pressure, etc.), the model will be continuously improved.

Figure 7. Lateral force contrast curve. (a) µ = 0.9. (b) µ = 0.3.

3. Adaptive Estimation of the TRPFC
3.1. Total Estimation Strategy

Figure 8 shows the overall estimation flow diagram.
Step 1: These signals are the outputs of the vehicle’s sensors. Then the signal is

processed, and the obtained parameters are taken into the model of vehicle dynamics and
model of tire, respectively.

Step 2: The model of vehicle dynamics includes the vehicle planar dynamic model
and the vertical dynamic model, in which the model of the vertical dynamics combines the
stress distribution model and multi-point contact model. The vehicle dynamics equation is
transformed into the standard state space form to combine the UKF. The input parameters
are brought into the algorithm of UKF and solved as the observation equation.

Step 3: Parameters can be input into the model of tire to obtain the known lateral tire
force and longitudinal force of tires on adjacent roads. The tire force can be dimensionless
by using the proportional relationship proposed by the Burckhardt tire model [42]. Then,
the dimensionless tire force and the TRPFC of the road surface to be recognized are used to
represent the tire force of the road surface to be recognized, completing the normalization
of tire force [51]. The normalized tire force is transferred to the dynamic equation of the
vehicle for calculation.

Step 4: The TRPFC for the longitudinal and lateral force of tires are obtained by UKF.
Step 5: According to the law of the TRPFC for lateral and longitudinal force, a new

fuzzy inference rule is proposed, and the TRPFC of longitudinal and lateral force are fused
to obtain the final estimation result of the TRPFC.
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Figure 8. Flow chart for estimation of adhesion coefficient.

3.2. The TRPFC of Longitudinal and Lateral Force Estimation Algorithm Based on UKF

The slip ratio is as follows:

sx =

{ ωr·cos α−vw
vw

braking
ωr·cos α−vw

ωr·cos α driving
(18)

sy =

{ ωr·sin α
vw

braking
tan α driving

(19)

sR =
√

s2
x + s2

y ≤ 1 (20)

where α is tire slip angle; r is tire wheel radius; ω is wheel rolling angular velocity; and vw
is tire longitudinal velocities.

It is mentioned in reference [51] that under six typical roads, the changing trend of the
curve between the tire/road utilization friction coefficient and slip rate is similar, especially
between adjacent specific roads, such as asphalt and cement or wet pebbles and snow.

The dimensionless expression of the tire model [51] can be written as follows.

F0
y =

Fy1 · sy

µRmaxh · sRes
(21)

F0
x =

Fx1 · sx

µRmaxh · sRes
(22)

The normalization of the tire model [51] is as follows.

Fy = µRmaxgF0
y (23)

Fx = µRmaxgF0
x (24)

where µRmaxh, µRmaxg is the TRPFC between the adjacent pavement and the target pavement
and F0

x , F0
y are the dimensionless tire forces of lateral and longitudinal.

To estimate the TRPFC, through Equations (1)–(3) and (18)–(24), 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
(25)
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.
vy − mb

mz
(

.
zb

.
ψ + hg

..
ψb) + vxγ = +µ f r

(
F0

y f r
cos δ f

mz
+

F0
x f r

sin δ f

mz

)
µrr

F0
yrr

mz
+ µrl

F0
yrl

mz
+ µ f l

(
F0

y f l
cos δ f

mz
+

F0
x f l

sin δ f

mz

)
(26)

.
γ + Ixz

Iz

..
ψb = µ f l(

a
Iz

F0
x f l

sin δ f +
a
Iz

F0
y f l

cos δ f +
T

2Iz
F0

y f l
sin δ f − T

2Iz
F0

x f l
cos δ f )− µrl

(
T

2Iz
F0

xrl
+ b

Iz
F0

yrl

)
+ µrr

(
T

2Iz
F0

xrr −
b
Iz

F0
yrr

)
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Through Equations (25)–(27), the state equation is as follows:

µx f l(n)
µx f r(n)
µxrl(n)
µxrr(n)
µy f l(n)
µy f r(n)
µyrl(n)
µyrr(n)


= I8×8 ·
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µx f r(n− 1)
µxrl(n− 1)
µxrr(n− 1)
µy f l(n− 1)
µy f r(n− 1)
µyrl(n− 1)
µyrr(n− 1)


+ w(t) (28)

The equation of measurement is as follows:

O1 = O2 ·O3 + v(t) (29)
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.
vx − vyγ)
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.
γ

 (30)

O2 =


F0

x f l
cos δ f

mz

F0
x f r

cos δ f

mz

F0
xrl

mz

F0
xrr

mz
−

F0
y f l

sin δ f

mz
−

F0
y f r

sin δ f

mz
0 0

F0
x f l

sin δ f

mz

F0
x f r

sin δ f

mz
0 0

F0
y f l

cos δ f

mz

F0
y f r

cos δ f

mz

F0
yrl

mz

F0
yrr

mz
K(3, 1) K(3, 2) K(3, 3) K(3, 4) K(3, 5) K(3, 6) K(3, 7) K(3, 8)

 (31)



K(3, 1) = a
Iz

F0
x f l

sin δ f − T
2Iz

F0
x f l

cos δ f

K(3, 2) = a
Iz

F0
x f r

sin δ f +
T

2Iz
F0

x f r
cos δ f

K(3, 3) = T
2Iz

F0
xrl

K(3, 4) = T
2Iz

F0
xrr

K(3, 5) = a
Iz

F0
y f l

cos δ f +
T

2Iz
F0

y f l
sin δ f

K(3, 6) = a
Iz

F0
y f r

cos δ f − T
2Iz

F0
y f r

sin δ f

K(3, 7) = b
Iz

F0
yrl

K(3, 8) = b
Iz

F0
yrr

(32)

O3 =
(
µx_ f l µx_ f r µx_rl µx_rr µy_ f l µy_ f r µy_rl µy_rr

)T (33)

where µx_ij(ij = f l, f r, rl, rr) means the longitudinal TRPFC between the tires and the
road surface of the target pavement, respectively; µy_ij(ij = f l, f r, rl, rr) means the lateral
TRPFC between the tires and the road surface of the target pavement, separately; the
random variable w(t) means the process noise and v(t) means the measurement noise.

Figure 9 can be used to represent the UKF estimation process. The covariance of
measurement noise is R = 0.02 · I3×3,the covariance of process noise is Q = 0.01 · I4×4 and
the corresponding covariance matrix is set as P0 = 0.1 · I4×4.
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Figure 9. UKF estimation process.

3.3. Integrated Attachment Coefficient Fusion Strategy

Figure 10 shows the “friction ellipse” effect, where the ultimate value of the longitu-
dinal and lateral tire adhesion coefficients is less than the maximum adhesion coefficient
for both lateral and longitudinal excitation. The fuzzy inference rules are formulated to
fuse the lateral and longitudinal tire adhesion coefficients by using the law between the
adhesion coefficients.

Figure 10. Distribution of longitudinal and lateral adhesion coefficient limits (friction ellipse).
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Step 1: Fuzzification. This step focuses on formulating the inputs and outputs’ fuzzy
sets and variable theoretical domains. The theoretical domain of µx, µy of the input state
are set to [0–1]. Using appropriate linguistic variables, the input parameters are partitioned
into four fuzzy sets, and the fuzzy sets can be expressed in the form:

{µx} = {VS, S, M, VB}{
µy
}
= {VS, S, M, VB}

where VS, S, M, VB are very small, small, medium, and very big, respectively.
The domain of the argument of µmax for the input state is also set to [0, 1]. The suitable

linguistic variables are used to divide the input parameters into six fuzzy sets, and the
fuzzy sets can be defined as:

{µmax} = {VS, S, M, B, VB, VVB}

where VS, S, M, B, VB, VVB are very small, small, medium, big, very big, and maximum,
respectively.

Step 2: Fuzzy decision process. The rule of fuzzy is the most critical part of the whole
method and has a crucial influence on the output. In this step, the coupling relationship
between the attachment coefficients is used to develop fuzzy inference rules. Table 2 shows
the fuzzy rules.

Table 2. Fuzzy inference rules.

Lateral Slip
Longitudinal Slip

VS S M VB

VS VS S M VB
S M M B VB
M B B B VB
VB VB VB VB VVB

Step 3: Defuzzification. Under the given input condition, the fuzzy set of output
states can be obtained using the Mamdani method [52] through the fuzzy rules shown in
Table 2. To transform fuzzy values into clear values, the centroid method is used to de-blur.
Figure 11 shows the slip rate membership function.

Figure 11. Affiliation function for peak pavement adhesion coefficient. (a) Affiliation function for
the longitudinal attachment coefficient. (b) Affiliation function for lateral attachment coefficient.
(c) Pavement peak adhesion coefficient affiliation function.

Step 4: Optimize the membership function. The membership function corresponding
to each parameter is optimized through experiments.
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The fuzzy method fuses the pavement adhesion coefficients of lateral and longitudinal
based on the coupling process of lateral and longitudinal forces and the friction ellipse
effect. This method can accurately obtain the TRPFC, and the fusion results are shown in
Section 4.

4. Simulation Test

In this paper, Carsim and Matlab/Simulink are used to simulate the linear braking
condition and curve braking condition of wet pebbles and snow pavement.

4.1. Straight Line Test

In order to simulate the wet cobblestone and snow pavement, the road adhesion
coefficient is set to 0.3, and the initial speed of the vehicle is 60 km/h, and the straight-line
braking test is carried out. The simulation results are shown in Figure 12a–c.

Figure 12. Simulation results under linear braking conditions. (a) Longitudinal acceleration. (b) Lon-
gitudinal slip rate. (c) Longitudinal force contrast curve. (d) Estimated results of pavement adhe-
sion coefficient.

Because the adhesion coefficients of the four wheels on the road surface are the same,
the left front wheel is taken as an example for simulation.

It can be seen from Figure 12a–d that the slip rate is stable at 0.2 because the vehicle has
started the ABS function so that the slip rate is steady in the optimal range. The maximum
longitudinal acceleration of the vehicle reaches 2.25 m/s2. The trend of longitudinal force is
consistent as a whole, and RRMSE value is less than 0.1028. When the maximum adhesion
coefficient is within 0.15 s, it converges to 0.3, and then the estimation error is stable within
[0, 0.02].
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4.2. Curved Test

In order to simulate the wet cobblestone and snow pavement, the road adhesion
coefficient is set to 0.3, the road is set as a circular road with a radius of 33 m, and the initial
speed of the vehicle is 60 km/h. The curve deceleration condition is set. The simulation
results are shown in Figure 13a–e.

Because the adhesion coefficients of the four wheels on the road surface are the same,
the left front wheel is taken as an example for simulation.

It can be seen from Figure 13a–g that the slip ratio is stable between 0.2 and 0.4. The
maximum longitudinal acceleration of the vehicle is 2.5 m/s2, and the maximum lateral
acceleration is 2 m/s2. The trends of longitudinal force and lateral force are generally
consistent, and the RRMSE values are less than 0.1048 and 0.1102, respectively. When the
maximum adhesion coefficient is within 0.5 s, it converges to 0.3, and then the estimation
error is stable within [−0.03, 0.04].

Figure 13. Cont.
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Figure 13. Simulation results under combined bending braking conditions. (a) Steering wheel corner-
ing. (b) Longitudinal slip rate. (c) Longitudinal acceleration. (d) Lateral acceleration. (e) Longitudinal
force contrast curve. (f) Lateral force contrast curve. (g) Estimated pavement adhesion coefficient.

5. Real Vehicle Test

The test platform is a four-wheel independently driven vehicle modified by wire
(UTV). The WSS sensor embedded in the hub motor can measure the four wheels’ rotation
speed and angle. The signal is fed to the computer via the CAN bus. The IMU model
of vehicle inertial navigation is MTI-G-710, and the sampling period is 2.5 ms. Figure 14
shows the experimental vehicle, sensors, and data acquisition hardware.

Figure 14. Experimental vehicle and sensor equipment.
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5.1. Straight Line Test

On the dry asphalt road, the straight driving condition is fixed. The peak coefficient
of friction is within the limit of [0.8, 0.91] [51], which is based on the data available.
The average speed of the vehicle is kept at 60 km/h. Using the left front wheel as the
demonstration result, Figure 15 shows the test results.

Figure 15. Simulation results under linear braking conditions. (a) Lateral deflection angle. (b) Longi-
tudinal slip rate. (c) Longitudinal acceleration. (d) Estimated results of pavement adhesion coefficient.

AS Figure 15d shows, the TRPFC converges to 0.83 prior to 0.5s and then fluctuates
around 0.85 under the straight braking condition; however, the overall error is stable to
within ±0.05. The longitudinal slip velocity in Figure 15b has a negative value because of
the incomplete synchronization of the four-wheel speed of the electric vehicle as well as the
fluctuation error of inertial navigation. However, it does not have any effect on the result.

5.2. Curved Test

On the dry asphalt road, the curved driving condition is fixed. The average speed
of the vehicle is kept at 60 km/h. The radius is 33 m. Using the left front wheel as the
demonstration result, Figure 16 shows the test results.
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Figure 16. Simulation results under combined bending braking conditions. (a) Lateral deflection
angle. (b) Longitudinal slip rate. (c) Longitudinal acceleration. (d) Lateral acceleration. (e) Steering
wheel cornering. (f) Estimated pavement adhesion coefficient.

As shown in Figure 16f, the TRPFC converges to 0.85 in less than 0.1 s and then
fluctuates around 0.85, but the overall error is stable to within ±0.02.
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According to the experimental analysis, when braking in a straight line, the longitudi-
nal adhesion coefficient of the vehicle is significant, but the lateral adhesion coefficient is
small. At this time, the fused estimated value keeps an approximate relationship with the
numerical range of the longitudinal adhesion coefficient. During cornering braking, when
both longitudinal and lateral road excitation is extensive, both longitudinal and lateral tire
utilization adhesion coefficients play an essential role in the contact process between the
three-dimensional road surface and the tire. At this time, the fuzzy fusion method can still
accurately estimate the TRPFC of the actual road surface.

6. Conclusions

To estimate the TRPFC accurately, a new method of three-dimensional pavement
fusion adhesion coefficient based on a dimensionless data-driven tire model is proposed.
The stress distribution law and multi-point contact model between tire and road are intro-
duced to represent three-dimensional pavement excitation accurately. A new dimensionless
data-driven tire model is proposed to describe the tire/road contact state during driving. A
fuzzy reasoning strategy is designed to fuse the longitudinal and lateral adhesion coeffi-
cients obtained by the UKF algorithm, and finally, the accurate peak adhesion coefficient of
pavement is estimated.

Based on the results on real vehicles, we can come to the conclusion that this algo-
rithm can estimate the peak adhesion coefficient within 0.5 s, and the error is maintained
within ±0.05, demonstrating that the algorithm can estimate the TRPFC accurately and
promptly. The vehicle’s sensors can directly obtain the parameters needed in this paper,
and the identification results help estimate the safe distance and braking force, which is
particularly valuable for improving active vehicle safety and reducing the occurrence of
road traffic accidents.

In the next step, we will verify the algorithm in this paper on a variety of roads,
especially on low-adhesion roads, and in order to expand the application scope of the
algorithm in this paper, we will migrate the algorithm to the truck for verification.
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