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Abstract: In order to solve the adaptability problem of acceleration slip regulation for distributed drive
electric vehicles, a slip ratio adaptive control strategy based on wheel angular velocity is proposed. The
principle of road estimation algorithm based on the Burckhardt tire model is analyzed, and an improved
estimation principle for optimal slip ratio is designed to improve the speed and accuracy of optimal
slip ratio estimation. A slip ratio control strategy based on a conditional integral sliding mode control is
designed, and its stability is proven. To make the slip ratio control strategy have better practicability, the
slip ratio control strategy is combined with the road estimation algorithm, and the control variable of the
slip ratio adaptive control strategy based on a conditional integral sliding mode control is redesigned
to obtain a faster vehicle dynamic response. Finally, the effectiveness of the designed road estimation
algorithm and the slip ratio adaptive control strategy is verified by simulation of acceleration on joint
road and split road. Results show that the designed road estimator can obtain the road adhesion
coefficient and optimal slip ratio quickly and accurately; the slip ratio adaptive controller, based on a
conditional integral sliding mode control, can maintain the wheel slip ratio near the optimal slip ratio
and reduce the steady-state error of the wheel slip ratio.

Keywords: slip ratio; adaptive control; wheel angular velocity; road estimation; electric vehicle

1. Introduction

The distributed drive electric vehicle is one in which the driving force and braking
force of each wheel can be controlled independently, and the functions of anti-lock braking,
traction control, and electronic stability control can be easily realized through its motor
control technology [1]. Wheel slip control is the basis for vehicle stability control [2], and
the optimal slip ratio of a driving wheel will change with the road conditions. The aim of
slip ratio control for a distributed drive electric vehicle is to keep the slip ratio of wheels
at the optimal slip ratio. Therefore, to achieve optimal wheel slip ratio control, two main
problems need to be solved. The first problem is how to accurately obtain the optimal
wheel slip ratio according to the vehicle driving conditions, and the second problem is how
to keep the wheel slip ratio maintaining optimal value under the driving conditions.

In order to realize adaptive control of the wheel slip ratio, it is necessary to estimate
the adhesion coefficient and optimal slip ratio of the driving road. The design of a road
estimator is generally based on the vehicle dynamics and sensor signals. With the devel-
opment of road estimation algorithms, more and more road estimators use both vehicle
dynamic response and external sensor signals. For example, the normalized Dugoff tire
model and the 7-DOF vehicle model have been built, and the road adhesion coefficient
observer, based on the unscented Kalman filter algorithm, normalized Dugoff tire model,
and 7-DOF vehicle model, has been established [3]. In order to improve the speed and
accuracy of the road adhesion coefficient estimation, the fusion strategy of combining a
dynamic estimator and visual estimator is designed. The dynamic estimator is designed
based on the modified Burckhardt tire model, and the visual estimator is designed based
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on a vehicle-mounted camera [4]. A dynamic joint estimation method of side slip angle and
road adhesion coefficient based on an inertial measurement unit and built-in speed/angle
sensor is proposed. Previously, the side slip angle estimator was established based on
vehicle dynamics and the Dugoff tire model; the road adhesion coefficient estimator was
established based on machine learning and double radial basis neural network; and the
extended Kalman filter method was used to estimate the side slip angle and road adhesion
coefficient. However, judging from the simulation results, the estimated road adhesion
coefficient fluctuates greatly [5].

Previously, a self-adaptation acceleration slip regulation controller based on a double
fuzzy algorithm was designed, and the acceleration slip regulation algorithm for the front
and rear axle was designed separately, but the design of fuzzy rules relies on expert
knowledge [6]. A Fuzzy-PID controller that takes the optimal slip ratio as the control target
was also designed, and a road estimation method was proposed, which uses the angular
acceleration error as the basis for estimating the road conditions, but its accuracy needs
to be further improved [7]. An optimal slip ratio estimator based on the wheel’s angular
acceleration and the motor torque was designed, and a fuzzy control method is proposed
to control the slip ratio of the wheels. However, the estimation accuracy of the optimal
slip ratio of the changing road needs to be improved [8]. A longitudinal slip ratio control
technique based on a sliding mode control was proposed, but the wheel slip ratio adaptive
control cannot be realized when the vehicle is driving on variable roads [9]. A robust wheel
slip ratio control system based on a sliding mode control was proposed; simulations and
experiments were carried out to validate the effectiveness of the proposed algorithms, but
the proposed control method could not maintain the wheel slip ratio close to the optimal slip
ratio [10]. Two methods of estimation of tire road friction based on the extended Kalman
filter and wheel speed measurements were designed and combined with the sliding mode
traction controller, but the accuracy of the estimated road friction coefficient and the control
effects needed to be further improved [11]. The road condition recognition method based
on a non-standard method is designed to estimate the optimal slip rate of the road. An
improved adaptive sliding mode controller, in which the sliding mode surface and reaching
law are redesigned, is designed to optimize the control accuracy and vibration problems of
the sliding mode control. However, adding integral control to the sliding surface may cause
an integral saturation problem [12]. An acceleration slip regulation control strategy based
on a variable gain controller was proposed, and the co-simulation of MATLAB/Simulink
and Carsim was carried out to verify the effectiveness of the designed control strategy [13].
A novel fuzzy sliding mode control scheme is proposed to obtain the best battery condition
and energy recovery efficiency; the fuzzy logic controller is designed to adjust the sliding
mode parameters according to slip ratio, and a torque distribution strategy is proposed
to best allocate the pneumatic and motor braking torque [14]. The effect of tire and soil
parameters on the vehicle is investigated, and the experiment is carried out to analyze the
effect of soil strength and tire parameters on the wheel mobility number. The result shows
that the proposed wheel mobility number is the square root of the ratio between the tire
loaded height and the tire diameter under the same loading conditions. Therefore, the
influence of tire parameters on wheel dynamic response should be taken into account in
the future study of wheel slip ratio control [15].

In order to solve the problems of the chattering phenomenon and the steady-state error
of wheel slip ratio sliding mode control (SMC) for the distributed drive electric vehicle, a
sliding mode control method based on a conditional integral sliding mode control (CISMC)
is herein proposed, and the road estimation algorithm is designed based on the Burckhardt
tire model. The motor torque is controlled according to the estimated optimal slip ratio,
and the simulation of acceleration on joint road and split road is carried out. This paper is
divided into five sections. The introduction is given in Section 1. Section 2 aims to establish
the road estimator to estimate the adhesion coefficient of the driving road and the optimal
wheel slip ratio. Section 3 aims to design the slip ratio adaptive control strategy to make
the wheel slip ratio change with the road conditions and maintain the wheel slip ratio at an
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optimal value. Section 4 aims to verify the effectiveness and performance of the designed
road estimator and slip ratio adaptive controller. Section 5 is the conclusions. The main
framework of the paper is shown in Figure 1.
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2. Design of the Road Estimation Algorithm

In the actual driving process of the vehicle, the road adhesion coefficient and the
optimal slip ratio of the four wheels often change. The power, economy, and safety of the
vehicle will not be guaranteed if the wheel driving force cannot be adjusted according to
road conditions to keep the wheel slip ratio at the optimal state. Therefore, it is necessary
to design a road estimation algorithm to obtain the road adhesion coefficient in real time
and accurately.

2.1. Establishment of the Tire Model

The Burckhardt tire model can describe the relationship between adhesion coefficients
and slip ratio through fewer parameters [16], so the Burckhardt tire model is used to design
the road estimation algorithm. The tire model expression is as follows:

µst(i)(λ) = C1

(
1− e−C2λ

)
− C3λ (1)

where C1 is the maximum value of the µ− λ curve; C2 is the longitudinal stiffness; C3 is
the parameter of µ− λ curve falling section.

The C1, C2, C3 of different roads are shown in Table 1.

Table 1. The C1, C2, C3 of different roads [17].

Road Type C1 C2 C3

Dry asphalt 1.281 23.993 0.520
Dry cement 1.196 25.166 0.539

Wet asphalt (big) 1.027 29.494 0.442
Wet asphalt (middle) 0.856 33.821 0.345
Wet asphalt (small) 0.628 33.768 0.200

Wet goose soft stone 0.400 60.010 0.120
Snow covered road 0.195 94.129 0.065

Ice pavement 0.050 306.390 0.001
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2.2. Estimation of Optimal Slip Ratio

The optimal slip ratio is the slip ratio when the road adhesion coefficient reaches the
maximum, which is the slip ratio corresponding to the derivative of the road adhesion
coefficient of the road at 0 [18]. The derivation of the Burckhardt tire model is obtained by
Equation (2).

dµ

dλ
= C1C2e−C2λ − C3 (2)

When
dµ

dλ
= 0, the optimal slip ratio and peak road adhesion coefficient are obtained

by Equation (3). {
λopt =

1
C2

ln C1C2
C3

µmax = C1 − C3
C2
(1 + ln C1C2

C3
)

(3)

In order to obtain the optimal slip ratio and peak road adhesion coefficient, it is
necessary to estimate the values of C1, C2, C3.

As an important part of the vehicle dynamics model, the wheel model mainly includes
the torque balance equation and the vertical load to describe wheel motion [19]. A single
wheel model is shown in Figure 2.
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The balance equation for wheel torque during driving is as follows;

Iw
.

ω = Td − Fxr (4)

m
.
v = Fx − floss(·) (5)

Fx = Fzµ(λ) (6)

λ =
ωr− v

v
(7)

where, Iw is the moment of inertia of wheel,
.

ω is the wheel angular acceleration, Td is the
motor driving torque, r is the wheel rolling radius, Fx is the longitudinal force of wheel, m
is the equivalent mass coupled to the wheel, floss(·) contains the aerodynamic drag, rolling
resistance, and grading resistance terms [20], µ(λ) is the utilization adhesion coefficient, v
is the vehicle speed, Fz is the ground normal force.

The main principle of road estimation is comparing the utilization adhesion coefficient
with the adhesion coefficient of each standard roads under the current slip ratio to determine
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the similarity of the driving road to each standard roads, then the peak adhesion coefficient
of the driving road is obtained by combining the peak adhesion coefficients of eight
standard roads.

In order to obtain the road adhesion coefficient of driving road and the optimal wheel
slip ratio of, following assumptions are made. First, vehicle speed, wheel angular velocity
and ground normal force can be obtained through corresponding sensor. Second the peak
adhesion coefficient of driving road is obtained by combining the peak adhesion coefficients
of eight standard roads.

The utilization adhesion coefficient is calculated and compared with the road adhesion
coefficient of the standard roads. So as to determine the type of current driving road, the
utilization adhesion coefficient is calculated by Equation (8) [21].

µul(λ) =
Fx

Fz
=

Td − Iw
.

ω

rFz
(8)

The weight coefficient between driving road and each standard roads is calculated by
Equation (9).

wi =
1∣∣∣µst(i)(λ)− µul(λ)

∣∣∣+ eps
(9)

where, µst(i)(λ) is the road adhesion coefficient of each standard roads under the wheel
slip ratio λ, and eps is the infinitesimal.

The weight coefficient representation the similarity of the utilization adhesion coef-
ficient to the road adhesion coefficient of standard roads under current wheel slip ratio.
According to the weight coefficient, the peak adhesion coefficient and the optimal slip ratio
of the driving road are calculated by Equation (10).

µmaxij =
∑ wiµst(i)max

∑ wi

λoptij =
∑ wiλst(i)opt

∑ wi

(10)

Although the Equation (10) can accurately obtain the optimal slip ratio of the road,
but exist steady-state error, which will have a bad impact on the control effect of the slip
ratio controller. In view of the above problem, the optimal slip ratio estimation method
is redesigned, and the improved estimation principle of optimal slip ratio is shown in
Figure 3.
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As Figure 3 shows, the wheel slip ratio is calculated by Equation (7); the road adhesion
coefficient of the standard road µst(i)(λ) is calculated by Equation (1); and the weight coef-
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ficient wi is calculated by the road adhesion coefficient of each standard road µst(i)(λ) and
the utilization adhesion coefficient µul(λ) based on Equation (8). The peak road adhesion
coefficient µmax is obtained by the weight coefficient wi based on Equation (10), then the
optimal slip ratio λopt is obtained based on the λopt − µmax fit curve of standard roads.

The λopt − µmax curve of standard roads is shown in Figure 4. As shown in Figure 4,
the relationship between peak adhesion coefficient and optimal slip ratio can be described
by mathematical expression.
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In order to better describe the relationship between λopt and µmax, the relationship
curve of the optimal slip ratio and the peak adhesion coefficient of eight standard roads are
fitted by MATLAB, as shown in Figure 5.

World Electr. Veh. J. 2023, 14, x FOR PEER REVIEW 7 of 17 

 

Figure 5. maxoptλ μ− fit curve of standard roads. 

The optimal slip ratio expression is determined by Equation (11). 

( ) 3 2
max 1 max 2 max 3 max 4opt p p p pλ μ μ μ μ= ⋅ + ⋅ + ⋅ +  (11)

where 1p , 2p , 3p , and 4p  are the fitting parameters of the optimal slip ratio–peak 
adhesion coefficient curve. 

As shown in Figure 5, the fitting curve of the optimal slip ratio–peak adhesion coef-
ficient almost coincides with that of each standard road surface, and the fitting determi-
nation coefficient is 0.998. Therefore, Equation (11) can accurately describe the relation-
ship between optimal slip ratio and peak adhesion coefficient. 

When the peak adhesion coefficient of the current driving road is estimated, the op-
timal slip ratio of the driving road can be estimated accurately. 

The road estimation algorithm is as follows: 

Road estimation algorithm 
Input: v ,ω , dT , Fz  
Initialize: 0 0v = , 0 0ω = , 0 0dT = , 0 0Fz = , max 0 0μ = , 0 0optλ =  
For 0 : 0.001 :10t =  do 

r v
v

ωλ −= , ( ) d w
ul

T I
rFz

ωμ λ −
=


, ( ) ( ) ( )2

1 31 C
st i C e Cλμ λ λ−= − − ,

( ) ( ) ( )
1

i

ulst i

w
epsμ λ μ λ

=
− +

,

( ) max
max

i st i

i

w

w

μ
μ =




 

If max0 0.325μ< < , then 
( )max max0.1* *3roundμ μ=  

Elseif max0.325 0.4μ< <  
( )max max0.1* *5roundμ μ=  

Elseif max0.4 0.6μ< <  
( )max max0.1* *10 /1.4roundμ μ=  

Elseif max0.6 0.681μ< <  
( )max max0.1* *10 /1.3roundμ μ=  

Elseif max0.681 0.74μ< <  
( )max max0.1* *10 /1.2roundμ μ=  

Else 
( )max max0.1* *10roundμ μ=  

End if 

Figure 5. λopt − µmax fit curve of standard roads.

The optimal slip ratio expression is determined by Equation (11).

λopt(µmax) = p1 · µ3
max + p2 · µ2

max + p3 · µmax + p4 (11)

where p1, p2, p3, and p4 are the fitting parameters of the optimal slip ratio–peak adhesion
coefficient curve.

As shown in Figure 5, the fitting curve of the optimal slip ratio–peak adhesion coeffi-
cient almost coincides with that of each standard road surface, and the fitting determination



World Electr. Veh. J. 2023, 14, 119 7 of 16

coefficient is 0.998. Therefore, Equation (11) can accurately describe the relationship be-
tween optimal slip ratio and peak adhesion coefficient.

When the peak adhesion coefficient of the current driving road is estimated, the
optimal slip ratio of the driving road can be estimated accurately.

The road estimation Algorithm 1 is as follows:

Algorithm 1 Road estimation algorithm

Input: v, ω, Td, Fz
Initialize: v0 = 0, ω0 = 0, Td0 = 0, Fz0 = 0, µmax0 = 0, λopt0 = 0
For t = 0 : 0.001 : 10 do

λ =
ωr− v

v
, µul(λ) =

Td − Iw
.

ω

rFz
, µst(i)(λ) = C1

(
1− e−C2λ

)
− C3λ, wi =

1∣∣∣µst(i)(λ)− µul(λ)
∣∣∣+ eps

,

µmax =
∑ wiµst(i)max

∑ wi
If 0 < µmax < 0.325, then

µmax = 0.1 ∗ round(µmax ∗ 3)
Elseif 0.325 < µmax < 0.4

µmax = 0.1 ∗ round(µmax ∗ 5)
Elseif 0.4 < µmax < 0.6

µmax = 0.1 ∗ round(µmax ∗ 10/1.4)
Elseif 0.6 < µmax < 0.681

µmax = 0.1 ∗ round(µmax ∗ 10/1.3)
Elseif 0.681 < µmax < 0.74

µmax = 0.1 ∗ round(µmax ∗ 10/1.2)
Else

µmax = 0.1 ∗ round(µmax ∗ 10)
End if
λopt = p1 · µ3

max + p2 · µ2
max + p3 · µmax + p4

End

3. Adaptive Control of the Slip Ratio Based on Wheel Angular Velocity

A distributed drive electric vehicle is a time-varying system with complex nonlinear
characteristics, and the characteristics are affected by environmental parameters and ex-
ternal disturbances. Therefore, the above problems should be overcome in the slip ratio
control of distributed drive electric vehicles to obtain good power, economy, and safety for
the distributed drive electric vehicles.

For time-varying systems, the sliding mode control has strong robustness and is
insensitive to system parameter changes and external disturbances, which can increase
the anti-jamming performance of the system. However, the chattering phenomenon and
steady-state error exist in sliding mode control [22].

3.1. Design of Conditional Integral Sliding Mode Controller

In the design of a wheel slip ratio sliding mode controller, the sliding mode surface
generally takes the following form:

s = e = λ− λopt (12)

In order to make the sliding mode control have better robustness, equivalent control
and switching control are used. Therefore, the control quantity of the system is:

u = ueq + usw (13)

The sliding mode control based on Equations (12) and (13) is called a traditional sliding
mode control (TSMC), and the driving torque of the TSMC output is as follows:

TTSMC =
Iω

r(1− λ)

.
v + Fxr− Ksgn(s) (14)
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In order to eliminate the chattering phenomenon and steady-state error of the sliding
mode control, an integral control is added to eliminate steady-state error [23]. However,
adding integral control to the sliding mode control will weaken the transient characteristics
of the sliding mode control, and integral saturation may occur under certain conditions. So,
it is necessary to study the conditions of integral control works to improve the transient
characteristics of the integral sliding mode control and prevent integral saturation.

The redesigned sliding surface is as follows:

s = e + k0ρ, e = λ− λopt (15)

.
ρ = −k0ρ + εsat

( s
ε

)
, |ρ(0)| ≤ ε

k0
(16)

where, k0 is the adjustment parameter, ε is the boundary layer thickness.
In order to directly control the wheel slip ratio, it is necessary to modified the quarter

vehicle model to include slip ratio as a state variable.

.
λ = −χ(v)(ψ(λ)− Tm) (17)

χ(v) =
r

Iwv
(18)

ψ(λ) =

(
Iw

mr2 (1 + λ) + 1
)
· rFzµ(λ) (19)

Tm = Tdu (20)

where, Td is the driving torque requested by the driver, u is the control input of slip
ratio controller.

In order to prevent the integral saturation of the integral sliding mode control, the
sliding mode control plus integral control is used in the boundary layer [24], and only the
sliding mode control is used outside the boundary layer to ensure the robustness of the
sliding mode control. Equivalent control and switching control are adopted.

u =
1
Td

(
ψ(λ)− Tdυ(λ)sat

( s
ε

))
(21)

υ(λ) = ζ(λ) + υ0 (22)

where ζ(λ) is the upper limit of uncertainty, and υ0 is the positive constant.
The function of µ(λ) and ψ(λ) have high uncertainty, which makes the design of

the sliding mode controller have a large uncertainty parameter. It can be seen from
Equation (19) that the lower bound of ψ(λ) is 0, and the upper bound of ψ(λ) is set
as the maximum motor output torque. The upper limit of ζ(λ) is satisfied:∣∣ψ(λ)− ψ̂(λ)

∣∣
Td

≤ ζ(λ) (23)

The set of the system outside the boundary layer is:

ϑ = {(e, ρ) : |e + k0ρ| > ε, k0|ρ| ≤ ε} (24)

The set outside the boundary layer can be divided into:

ϑ = {(e, ρ) : |e + k0ρ| > ε, k0|ρ| ≤ ε, e + k0ρ > 0} (25)
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ϑ = {(e, ρ) : |e + k0ρ| > ε, k0|ρ| ≤ ε, e + k0ρ < 0} (26)

According to Equation (25), it can be seen that:

e > ε− k0ρ > 0 (27)

According to Equation (26), it can be seen that:

e < 0 (28)

According to Equation (24), the saturation function outside the boundary layer is:

sat
( s

ε

)
= sgn(s) = sgn(e + k0ρ) (29)

According to Equations (27)–(29), the saturation function can be written as:

sat
( s

ε

)
=

{
1, (e, ρ) ∈ ϑ+
−1, (e, ρ) ∈ ϑ−

(30)

When the system enters the boundary layer, the integral term becomes a simple error
integrator.

.
ρ = −k0ρ + ε

s
ε
= e (31)

The control rate in the boundary layer is:

u =
1
Td

(
ψ̂(λ)− Td(ζ(λ) + β0)

e+k0ρ
ε

)
=

1
Td

(
ψ̂(λ)− Td(ζ(λ) + β0)

e+k0
∫

e
ε

) (32)

In conclusion, when the system enters the boundary layer, the control rate is com-
posed of feed-forward and feedback terms, and becomes linear control; when the system is
outside the boundary layer, the sliding mode controller becomes discontinuous control.

3.2. Proof of Stability

The Lyapunov function is defined as [25]:

V =
1
2

e2 (33)

It can be obtained by deriving Equation (33).

.
V = e

.
e = −eχ̂(v, λ)(ψ(λ)− Tc) (34)

When the system is outside the boundary layer.

.
V = e

.
e = −eχ̂(v, λ)(ψ(λ)− Tc)

= −eχ̂(v, λ)
(

ψ(λ)− Td

(
1

Td

(
ψ̂(λ)− Td(ζ(λ) + β0)sgn(e)

)))
= −eχ̂(v, λ)

(
ψ(λ)− ψ̂(λ) + Td(ζ(λ) + β0)sgn(e)

) (35)

It can be seen from Equation (23).
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.
V = −eχ̂(v, λ)

(
ψ(λ)− ψ̂(λ) + Td(ζ(λ) + υ0)sgn(e)

)
≤ −|e|Tdχ̂(v, λ)

(
(ζ(λ) + υ0)−

|(ψ(λ)−ψ̂(λ))|
Td

)
≤ −|e|Tdχ̂(v, λ)υ0

(36)

Because Td and ζ(v) are positive, then
.

V < 0. It can see that the system can reach the
boundary layer in a finite time.

When λ = λopt and
.
ρ = 0.

ρ =
ε

k0
sat
( s

ε

)
(37)

As
.
λ = 0.

Tdu = ψ
(
λopt

)
(38)

By introducing Equation (37) and Equation (38) into Equation (32), Equation (39) is
obtained:

ψ
(
λopt

)
=
[
ψ̂
(
λopt

)
− Td

(
ζ
(
λopt

)
+ β0

)
sat
( s

ε

)]
=
[
ψ̂
(
λopt

)
− Td

(
ζ
(
λopt

)
+ β0

) k0σ
ε

] (39)

It can be obtained from Equation (39).

ρ̃ =
ε

k0
(
ζ
(
λopt

)
+ β0

) · ψ(λ)− ψ̂(λ)

Td
(40)

The equilibrium point is e = 0, ρ̃ = ε
k0(ζ(λopt)+β0)

· ψ(λ)−ψ̂(λ)
Td

. When ε is small enough,

e = 0 and ρ̃ = 0, the system is asymptotically stable and globally asymptotically stable.

3.3. Design of Slip Ratio Adaptive Controller Based on Wheel Angular Velocity

The variation of wheel slip ratio is slower than the variation of wheel angular speed
and vehicle speed, so the control of wheel angular speed or vehicle speed can obtain
more faster response. In order to make the slip ratio controller have better practicability
in various driving conditions, the wheel angular velocity is used as the control variable.
Define the control input y as follows [26].

y =
ωr
v
− 1 (41)

When the vehicle is driving, the relationship between y and λ is as follows.

y =
λ

1− λ
(42)

When |λ| is much less than 1, y and λ is equivalent.
The calculation formula of the reference wheel speed is as follows.

vwre f = (1 + y)v (43)

According to the relationship between wheel speed and wheel angular velocity, the
reference wheel angular velocity is as follows.

ωre f =
(1 + y)

r
vwre f (44)
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When the vehicle is stationary, v = 0 and ωre f = 0, the vehicle can’t accelerate from
stationary starting. Therefore, the calculation formula of the reference wheel angular
velocity is as follows [27].

ωre f =


v + yvmin

r
, v < vmin

(1 + y)v
r

, v > vmin

(45)

Through the above analysis, the error of conditional integral sliding mode control can
be designed as follows.

e = ω−ωre f (46)

Combined the above-mentioned slip ratio controller with road estimation algorithm,
an adaptive slip ratio control algorithm based on wheel angular speed is proposed

4. Simulation of Slip Ratio Adaptive Control Based on Wheel Angular Velocity

In order to verify the effectiveness of the designed sliding mode controller based on
conditional integration, joint simulation analysis is performed by MATLAB/Simulink and
CarSim, and the established simulation model is shown in Figure 6.World Electr. Veh. J. 2023, 14, x FOR PEER REVIEW 12 of 17 
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The simulation of acceleration on joint road and split road are carried out separately,
and the key simulation parameters are as listed in Table 2.

Table 2. Key simulation parameters.

Parameter Value

Vehicle mass (kg) 1231
Wheel effective radius (m) 0.311

Distance from front axle to CG (m) 1.04
Distance from rear axle to CG (m) 1.56
Height of CG above ground (m) 0.54

Rotational inertia of the wheel (kg ·m2) 0.6

In order to show that the designed slip ratio controller based on CISMC can reduce
the chattering phenomenon and steady-state error caused by a sliding mode control, the
slip ratio controller based on TSMC adopts a fixed optimal slip ratio, and the fixed optimal
slip ratio is set at 0.2. The co-simulation models of the slip ratio controller based on CISMC
and TSMC are established separately, and simulation experiments are carried out.
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4.1. Simulation of Acceleration on Joint Road

The road adhesion coefficient of the first 5 s is set to 0.2, and the last 5 s is set to 0.6.
The simulation results are shown in Figure 7.World Electr. Veh. J. 2023, 14, x FOR PEER REVIEW 13 of 17 
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The simulation results of acceleration on joint road are shown in Figure 7. According
to Figure 7a (Slip ratio of left front wheel), the road estimation algorithm can accurately
and rapidly estimate the optimal slip ratio of variable roads. The CISMC with adaptive
optimal slip ratio control can keep the slip ratio of the left front wheel changed with the
road condition, while the slip ratio of the left front wheel based on TSMC with fixed optimal
slip ratio control fluctuates around 0.2.

According to Figure 7b (Vehicle speed), the final vehicle speed of CISMC with adaptive
optimal slip ratio control of the first 5 s is 12.09 m/s, and the final speed of TSMC with
fixed optimal slip ratio control of the first 5 s is 9.73 m/s. The final vehicle speed of CISMC
with adaptive optimal slip ratio control of the last 5 s is 47.28 m/s, and the final vehicle
speed of TSMC with fixed optimal slip ratio control of the last 5 s is 41.41 m/s.

According to Figure 7c (Longitudinal acceleration), the average longitudinal acceler-
ation of the first 5 s of CISMC with adaptive optimal slip ratio control is 2.42 m/s2, and
the average longitudinal acceleration of the first 5 s of TSMC with fixed optimal slip ratio
control is 1.94 m/s2. The average longitudinal acceleration of the last 5 s of CISMC with
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adaptive optimal slip ratio control is 7.04 m/s2, and the average longitudinal acceleration
of the last 5 s of TSMC with fixed optimal slip ratio control is 6.33 m/s2.

According to Figure 7d (Estimated value of road adhesion), the road estimation
algorithm can accurately estimate the adhesion coefficient of the road of the first 5 s at 0.38 s
and estimate the adhesion coefficient of the road of the last 5 s at 5.36 s.

From the simulation results of acceleration on joint road, it can be seen that the road
estimation algorithm can accurately and rapidly estimate the adhesion coefficient and the
wheel’s optimal slip ratio; the CISMC with adaptive optimal slip ratio control can keep the
slip ratio of the wheel at the optimal slip ratio based on the driving road conditions; and
the CISMC can weaken the chattering phenomenon and steady-state error of the traditional
sliding mode control.

4.2. Simulation of Acceleration on Split Road

The road adhesion coefficient of the left-side road is set to 0.6, and the road adhesion
coefficient of the right-side road is set to 0.3. The simulation results are shown in Figure 8.
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The simulation results of acceleration on split road are shown in Figure 8. It can be seen
from Figure 8a (Slip ratio of left front wheel) that the CISMC with adaptive optimal slip ratio
control can keep the slip ratio of the left front wheel at the estimated optimal slip ratio of 0.11;
the slip ratio of the left front wheel based on TSMC with fixed slip ratio control fluctuates
around 0.2, and the slip ratio of the left front wheel involves a large steady-state error.
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According to Figure 8b (Slip ratio of right front wheel), the CISMC with adaptive
optimal slip ratio control can keep the slip ratio of the right front wheel at the estimated
optimal slip ratio of 0.076; the slip ratio of the right front wheel based on TSMC with fixed
optimal slip ratio control fluctuates around 0.2.

According to Figure 8c (Longitudinal acceleration), the average longitudinal accel-
eration of CISMC with adaptive optimal slip ratio control is 4.76 m/s2, and the average
longitudinal acceleration of TSMC with fixed optimal slip ratio control is 4.32 m/s2.

According to Figure 8d (Estimated value of road adhesion), the road estimation
algorithm can accurately estimate the adhesion coefficient of the left side road at 1.20 s and
estimate the adhesion coefficient of the right side road at 0.42 s.

From the simulation results of acceleration on split road, it can be seen that the road
estimation algorithm can accurately and rapidly estimate the adhesion coefficient and
the wheel optimal slip ratio of the split road; the CISMC with adaptive optimal slip ratio
control can keep the slip ratio of the different side wheels at the optimal slip ratio based
on the driving road conditions; the CISMC can weaken the chattering phenomenon and
steady-state error of the traditional sliding mode control; and the dynamic performance of
the vehicle based on CISMC with adaptive optimal slip ratio control is improved.

5. Conclusions

In this paper, to realize the slip ratio adaptive control of the distributed drive electric
vehicle, a road estimator based on the Burckhardt tire model is designed, and an adaptive
slip ratio controller based on CISMC is designed. In order to improve the accuracy of the
optimal wheel slip ratio estimation, the improved estimation principle is analyzed. The
input variable of the slip ratio adaptive controller is redesigned to obtain a faster vehicle
dynamic response. Finally, joint simulations using MATLAB/Simulink and CarSim are
conducted to verify the effectiveness of the designed road estimator and slip ratio adaptive
controller based on CISMC. The co-simulation models of the slip ratio adaptive controller
based on CISMC and the fixed slip ratio controller based on TSMC are established and
simulated separately to compare the control effects. The conclusions are drawn as follows:

(1) The designed road estimator can quickly and accurately estimate the road adhesion
coefficient and the optimal wheel ratio when the vehicle accelerates on joint road; the
road estimator can obtain the road adhesion coefficient and optimal slip ratio within
0.38 s, and when the vehicle accelerates on split road, the road estimator can obtain
the road adhesion coefficient and optimal slip ratio within 1.20 s.

(2) Slip ratio adaptive control based on CISMC can weaken the chattering phenomenon
of slip ratio fixed control based on TSMC.

(3) Slip ratio adaptive control based on CISMC can maintain the wheel slip ratio at
the optimal value according to the driving road conditions automatically, and the
dynamic performance of the vehicle is improved.

The main simulation results of different controllers and road conditions are shown
in Table 3.

Table 3. Main simulation results.

Controller Type Road Condition Slip Ratio Vehicle Speed (m/s)
Average Longitudinal

Acceleration (m/s2)

CISMC-Adaptive optimal slip ratio
Joint road

0.06 (µ = 0.2) 12.09 2.42
0.11 (µ = 0.6) 47.28 7.04

TSMC-Fixed optimal slip ratio 0.2 (µ = 0.2) 9.73 1.94
0.2 (µ = 0.6) 41.41 6.33

CISMC-Adaptive optimal slip ratio
Split road

0.11 (µ = 0.6) - 4.760.08 (µ = 0.3)

TSMC-Fixed optimal slip ratio 0.2 (µ = 0.6) - 4.320.2 (µ = 0.3)
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