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ABSTRACT As one of the active safety technologies, stability control of vehicles has recently received
great attention. In order to improve the handling stability of distributed drive electric vehicles under
various extreme conditions, a direct yaw moment control (DYC) method based on a novel fuzzy sliding
mode control (FSMC) is proposed. First, a linear 2DOF reference vehicle model as ideal value reference,
a 7DOF vehicle model used for sideslip angle estimation, an electric-driving wheel model used to provide
tire motion parameters based on CarSim platform are established. Then, FSMC is designed as the core
decision-making layer of the control method to calculate the required additional yawmoment on the premise
of estimating the sideslip angle. Four hub motors are allocated by the distribution method based on axle load
proportion. Finally, under two typical working conditions, the four hub motors are allocated. Compared with
traditional sliding mode control (SMC), the results show that FSMC can not only maintain vehicle stability
more effectively under different working conditions, but also greatly reduce the occurrence of buffeting
phenomenon, which has practical significance for engineering applications.

INDEX TERMS Direct yaw moment control, fuzzy sliding mode control, lateral stability, active safety
control strategy, distributed drive electric vehicle.

I. INTRODUCTION
With advancements in society, automobile safety issues have
been gradually emphasized, and the traditional safety con-
cept is too passive to satisfy the current needs. Therefore,
the concept of active safety is gradually being developed by
various research institutions and enterprises [1]. As a kind
of active safety control technology, a substantial amount of
facts have proven that direct yaw moment control (DYC) has
a remarkable control effect regarding the vehicle handling
stability under extreme conditions, such as rapid steering
wheel input, or at high speeds [2]. The calculation of the
yaw moment is quite important in a DYC system. The value
of an additional yaw moment fundamentally determines the
control effect. Currently, the main calculation methods at
the decision-making level are fuzzy control, fuzzy PID con-
trol and sliding mode control. As the design of fuzzy logic
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does not depend on the model of the controlled object at
all, fuzzy control is applied to the nonlinear system in the
research of Ding et al. and Li et al., which obtain an ideal
control effect [3], [4]. However, this method is too reliant
on expert experience, and the direct fuzzy processing of
information will cause a reduction in control accuracy and a
decline in dynamic quality. In the research of Wang et al. and
Jin et al., the PID parameters are tuned using fuzzy control to
adapt to different working conditions and achieve excellent
robustness [5], [6]. However, a higher set of fuzzy rules and
membership functions is required, and sometimes the control
accuracy is even worse than that of PID control. SMC is
used to calculate the additional yaw moment in the research
of Wang et al., Xiong et al. and Zhang et al. [7]–[9]. The
difference between sliding mode control and other control
methods is that the structure of the system is not fixed and
can purposefully and dynamically change according to the
current state of the system in the dynamic process, which
forces the control system to move according to the state
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trajectory of the predetermined sliding mode. This type of
control has the advantage of fast response and does not need
online identification of the system [10]. However, due to the
problems of estimation and linear idealization in the process
of mathematical modeling, a large switching gain is required
to avoid the uncertainties caused by these problems, which
will inevitably cause chattering. The chattering phenomenon
causes the state of the actuator to continuously change. There-
fore, this chattering will cause great damage to electronic
and mechanical components and substantially reduces the
service life in the long term. Once the switching gain coef-
ficient is determined, it cannot be changed, which will sub-
stantially limit the control effect of SMC on vehicles under
different conditions. A few scholars have studied the two
previously mentioned problems. Tota et al. have employed
integral sliding mode control (ISMC). In this unique ISMC
case, the equivalent control is generated, which guarantees
chattering alleviation and enhances the controller tracking
performance in transient conditions [11]. Lu et al. proposed
the second-order for the singular terminal sliding mode load
observer to achieve the purpose of anti-disturbance speed
control and to further improve the robustness of the control
system [12].

This paper aims to comprehensively study a new method.
Based on the previous analysis, if the advantages of both
fuzzy logic algorithms and SMC are combined, an adaptive
fuzzy sliding mode control (FSMC) method is designed.
FSMC can be applied to the DYC of an automobile, which
can substantially reduce the chattering caused by SMC with
the premise of improving the handling stability. Although a
few domestic and international scholars at home and abroad
have tried to explore the performance of FSMC, they have
focused mainly on the adaptive analysis of FSMC to date as
the existence of fuzzy control can adjust the parameters of
SMC, which considerably improves the adaptability to dif-
ferent working conditions [13]–[17]. FSMC not only has the
previously mentioned advantages but also can substantially
reduce the chattering phenomenon and the sudden change
in control variable using fuzzy approximation algorithms,
which provides a basis for the application of the control
method in practical engineering. Moreover, most studies on
DYCdo not involve state estimation, and a few studies involve
parameter state estimation but do not show the effect of
estimation [11], [18].

Distributed drive electric vehicle (DDEV) is driven by four
independently controlled hub motors. As the driving force of
each wheel is independently controlled and has the charac-
teristics of fast response and high control accuracy, it is suit-
able enough for the application of DYC to DDEV [19]–[21].
Based on the previous discussion, a hierarchical control strat-
egy based on FSMC is proposed to reduce chattering and
render DYC adaptive under different working conditions. The
contribution of this paper can be summarized as follows:
A novel noise-adaptive unscented Kalman filter (AUKF)
based on a 7-DOF vehicle model is designed to estimate the
sideslip angle, which provides parameters that are not easily

FIGURE 1. Vehicle Linear 2DOF Model.

measured in practice by a controller. An adaptive FSMC
method is designed to calculate the additional yaw moment
at the decision-making level, and a method based on the
axle load ratio is established to distribute the yaw moment
to four hub motors as the distribution layer to improve the
handling stability of a DDEV under extreme conditions. The
experimental data are obtained through the joint simulation of
CarSim and MATLAB/Simulink, and the effectiveness of the
FSMC control method established in this paper is analyzed
in detail by comparing the control process and control results
with SMC.

The remainder of this paper is organized as follows:
Section 2 introduces the two degrees of freedom vehicle
model, seven degrees of freedom model, electric-driving
wheel model and vehicle parameter setting. Section 3
presents the design process of the controller, including the
estimation of the sideslip angle based on the AUKF, upper
FSMC control method and the lower axle load proportion-
based allocation method. Section 4 carries out joint simula-
tion tests under two typical working conditions, compares
FSMC, SMC and uncontrolled vehicles and analyses the
results. Section 5 summarizes the research in this paper.

II. VEHICLE DYNAMIC MODEL
A. TWO DEGREES OF FREEDOM VEHICLE MODEL
A linear 2-DOF vehicle model is shown in Fig. 1. This
model is a 2-DOF model with a front wheel rotation angle
as the input, which is supported by front and rear tires with
lateral elasticity on the ground, and possesses lateral and yaw
motion.

The dynamic equation of body motion is expressed as
follows:(

kf +kr
)
β+

1
vx

(
lf kf −lrkr

)
ωr−kf δ=m

(
v̇y+vxωr

)
(1)(

lf kf −lrkr
)
β+

1
vx

(
l2f kf + l

2
r kr
)
ωr−lf kf δ= Izω̇r (2)

The definitions and values of the variables in this formula
and the whole article are shown in Table 1.

The model can characterize the relationship between the
vehicle handling stability and the yaw rate and the sideslip
angle. The 2DOF model represents the motion state of the
vehicle in the ideal state; the calculated parameters will be
used as the ideal reference value in this paper.
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TABLE 1. Vehicle parameters.

In the steady state, the vehicle lateral acceleration is 0, the
desired values of the yaw rate ωrd, and the sideslip angle βd
can be deduced:

ωrd =
vx

L + mv2x
L ( lf kf−lr krkr kf

)
δ (3)

βd =
2lr
(
lf + lr

)
kf kr − mv2x lf kf

2lr
(
lf + lr

)2 kf kr − mv2x (lf kf − lrkr)δ (4)

The upper boundaries of the yaw rate and sideslip angle are
related to the road surface, so the dynamic boundaries asso-
ciated with the tire-road adhesion coefficient are constructed
after obtaining the ideal expressions [22].

The lateral acceleration at the mass center can be written
as:

ay = ωrvx + v̇y (5)

After substituting vy = vx tan(β), the lateral acceleration
can be expressed as:

ay = vxωr + tan(β)ax +
vx β̇√

1+ tan2(β)
(6)

As can be seen from equation (6), both sideslip angle and
yaw rate have effects on lateral acceleration, while the values
of the last two terms aremuch smaller relative to the first term,
the maximum yaw rate ωrdmax can be obtained by combining
ay ≤ µg and equation (6) according to experience [18], [23]:

ωr max = 0.85
µg
vx

(7)

Then, a more reasonable expression of ideal yaw angular
velocity can be obtained [24]:

ωrdes = min{|ωrd | , |ωr max|}sgn(ωrd ) (8)

The maximum sideslip angle is usually estimated by the
following formula [25]:

βmax = arctan(0.02µg) (9)

A more reasonable expression of the ideal sideslip angle
can be obtained as follows:

βdes = min{|βd | , |βmax|}sgn(βd ) (10)

B. SEVEN DEGREES OF FREEDOM VEHICLE MODEL
The 7-DOF vehicle model includes the motion equations
of the longitudinal, lateral, and yaw directions and the four
wheels of the vehicle. Formula (11) ∼ Formula (13) are the
vehicle longitudinal motion equation, lateral motion equation
and yaw motion equation, respectively. This model will be
used to estimate the sideslip angle in this paper.

max = m(v̇x − ωr · vy) = (Fxfl + Fxfr ) cos δ

− (Fyfl + Fyfr ) sin δ + Fxrl + Fxrr (11)

may = m(v̇y + ωr · vx) = (Fxfl + Fxfr ) sin δ

+ (Fyfl + Fyfr ) cos δ + Fyrl + Fyrr (12)

Iz · ω̇r = [(Fxfl + Fxfr ) sin δ + (Fyfl + Fyfr ) cos δ]lf

+ [(Fxfr − Fxfl) cos δ + (Fyfl − Fyfr ) sin δ]
tw1
2

+ (Fxrr − Fxrl)
tw2
2
− (Fyrl + Fyrr )lr (13)

where δ are the steering angle of the front wheels, and vx and
vy are the longitudinal vehicle speed and lateral vehicle speed,
respectively.Fxi,Fyi andFzi are the tire longitudinal force, lat-
eral force and vertical force, respectively, and tw1 and tw2 are
the treads of the front wheels and rear wheels, respectively.

C. ELECTRIC-DRIVING WHEEL MODEL
ADDEVuses four hubmotors instead of a traditional internal
combustion engine as the power output, which is an important
part of an electric-wheeled vehicle. As the main research
content of this paper is the method of controlling the direct
yaw moment, and the motor control technology is currently
relatively mature, this paper does not focus on the perfor-
mance of motor control but simplifies the electromagnetic
conversion process of the motor into a second-order transfer
function mathematical model [26]:

G(s) =
Tmi
Tmdi
=

1
2ξ2s2 + 2ξs+ 1

(14)

where Tmi represents the actual torque value of each hub
motor, Tmdi represents the expected torque value of each hub
motor and ζ represents the damping ratio that is related to the
parameters of the hub motor.

Calculating tire longitudinal force Fxi by using the moment
balance equation of four wheels:

Itw · ω̇i = −r · Fxi + Ti (15)

where Itw is the wheel moment of inertia. Besides the contri-
bution of DYC, the specific value of Ti varies with the demand
output of CarSim. ωi is the angular speed of each wheel.

D. VEHICLE PARAMETER SETTING
A DDEV is driven by motors placed in the rim; thus,
hub motors and tires are regarded as non-spring masses.
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The parameters of a certain type of electric vehicle are also
modified, as shown in Table 1 above.

CarSim software only has the model parameters of a tra-
ditional vehicle transmission system, the application object
of this paper is a four-wheel drive electric vehicle, and four-
wheel power is derived from the hub motor. Therefore, a tra-
ditional vehicle model in CarSim must be modified to obtain
the transmission characteristics of DDEV. First, the power
transmission system of the original vehicle model is inter-
rupted and changed to a four-wheel drive mode. The output
torque of the motor is directly loaded on the wheel. The
numerical value is calculated by the proposed control method
and outputted to the CarSim vehicle model.

III. CONTROLLER DESIGN
The completion of DYC requires two parts [27]. First, the core
decision-making layer calculates the additional yaw moment
according to the deviation between the yaw rate, sideslip
angle and their corresponding ideal values. Second, the yaw
moment calculated by the decision-making layer is dis-
tributed to the hub motor of four wheels under the control
of the distribution layer, and the yaw moment is realized by
the longitudinal force difference between the wheels on both
sides. The sideslip angle required by the controller is difficult
to accurately measure using sensors. Therefore, the AUKF is
used to estimate the sideslip angle for subsequent control.

A. ESTIMATION OF SIDESLIP ANGLE
According to the definition of the sideslip angle, the esti-
mation of the sideslip angle requires the estimation of the
longitudinal and lateral speeds, and then is calculated by
formula 16 [28]. The vehicle model has an important role
in the accuracy of speed estimation. Therefore, based on
the 7DOF vehicle model mentioned above, a noise-adaptive
unscented Kalman filter is used to estimate the vehicle speed.

β = arctan(
vy
vx

) (16)

According to the dynamic equation, the longitudinal accel-
eration ax and lateral acceleration ay can be calculated by the
following formula [29], [30]:

ax = (v̇x − ωr · vy) = [(Fxfl + Fxfr ) cos δ

− (Fyfl + Fyfr ) sin δ + Fxrl + Fxrr ]/m (17)

ay = (v̇y + ωr · vx) = [(Fxfl + Fxfr ) sin δ

+ (Fyfl + Fyfr ) cos δ + Fyrl + Fyrr ]/m (18)

The longitudinal force Fxi of the wheel can be obtained by
the moment balance equation in equation (15), and the lateral
force can be obtained by the dug off tire model. The key tire
parameters of longitudinal stiffness Cx and lateral stiffness
Cy are mainly related to the vertical load. By interpolation
of CarSim’s tire test data, the corresponding values under
an arbitrary vertical load can be obtained. The data table
is encapsulated by the ‘‘lookup table’’ module in Simulink;
the longitudinal stiffness and the lateral stiffness are invoked

by the longitudinal slip rate and the sideslip angle of tire,
respectively. Some of the data at a sideslip angle of 0.174 rad
and a slip rate of 0.2 are shown in the following table.

TABLE 2. Partial values of tire longitudinal stiffness and lateral stiffness
under different vertical loads.

The state equation and observation equation of the nonlin-
ear system are established according to the previous equation
of vehicle motion as follows: vx
vy
ωr


k

=

 vx
vy
ωr


k−1

+

 v̇x
v̇y
ω̇r

 · t+w(t) (19)

 ax
ay
ωr


k

=

 [(Fxfl+Fxfr ) cos δ−(Fyfl+Fyfr ) sin δ+Fxrl+Fxrr]/m
[(Fxfl+Fxfr ) sin δ+(Fyfl+Fyfr ) cos δ+Fyrl+Fyrr]/m
ωr


k

+ v(t) (20)

Choose the state vector x = (vyvxωr )T, the measurement
vector y= (ayaxωr )T, and the input variable u= (δTijωij).
w(t) and v(t) are the process noise and the observation noise,
respectively; assuming they are independent white Gaussian
noise, the mean values are qk and rk, respectively, and the
covariances are Qk and Rk respectively. The measurement
noise covariance Rk is usually calculated by the system obser-
vation value obtained by the sensor, which can be regarded
as a known quantity. Due to the process signal cannot be
observed directly, it is usually more difficult to determine the
value of the process excitation noise covariance Qk. There-
fore, this paper designs a special Qk which adaptively changes
with the uncertainty of the model.

The AUKF algorithm is designed after the state equation
and measurement equation are determined. The core idea of
the noise-adaptive unscented Kalman algorithm is to dynami-
cally estimate the statistical characteristics of system noise in
real time using the data of the measurement variables in the
filtering process. The estimated noise parameters are used to
estimate the state parameters of the UKF, and the state esti-
mates of the system are continuously and iteratively obtained
under various conditions. Compared with EKF, the improved
UKF has the following advantages: (1) The estimation accu-
racy is higher than that of EKF. Approximating the probabil-
ity density distribution of the non-linear function, rather than
linearizing the non-linear function. (2) The Jacobian matrix
does not need to be computed by derivation, which improves
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the computational speed. (3) It can deal with random noise
and discrete systems, and expands the application scope.
(4) The process noise covariance Qk adaptively adjusted by
the following model uncertainty makes AUKF have good
estimation performance under different conditions.

The flow chart of the estimation algorithm is described as
follows [31]:

1) UT transformation. Using a symmetrical sampling strat-
egy, 2N+1 sigma point set is obtained near each estimation
point.

x(k − 1) = [x̂(k − 1)x̂(k − 1)+
√
(N + λ) · Pi(k − 1)

× x̂(k − 1)−
√
(N + λ) · Pi(k − 1)] (21)

where i = 1, 2. . . ,N. λ is a proportional parameter, and N is
the dimension of the state vector x.

2) Prediction process. Nonlinear transformation of a sigma
point set is carried out by using the nonlinear state equation
of the estimation model, and the predicted state mean at the
current time is obtained by UT mean weighting calculation.

x(k|k − 1) = f (x(k − 1), u(k − 1))

x̂(k|k − 1) =
2N∑
i=0

W (m)
i xi(k|k − 1)

(22)

where xi(k|k − 1) represents the i-th column of
matrix x(k|k− 1).
The predicted state variance of the current time is obtained

by the weighting UT variance by means of the predicted state
mean of the current time:

P(k|k − 1) =
2N∑
i=0

W
(c)

i (xi(k|k − 1)− x̂(k|k − 1))

· (xi(k|k − 1)− x̂(k|k − 1))T + Qk (23)

Each sigma point is nonlinearly transformed using the
observation equation:

ς (k|k − 1) = h(x(k|k − 1), u(k − 1)) (24)

The weighted sum of the changed point sets is used to
calculate the predicted observations of the system.

ŷ(k|k − 1) =
2N∑
i=0

W
(m)

i ςi(k|k − 1) (25)

where ςi(k|k − 1) represents the i-th column of the
matrix ς (k|k − 1).

3) Updating process.
Update the system variance matrix:

Pyy =
2N∑
i=0

W
(c)

i (ςi(k|k − 1)− ŷ(k|k − 1))

· (ςi(k|k − 1)− ŷ(k|k − 1))T + Rk (26)

Update the cross-correlation covariance matrix:

Pxy =
2N∑
i=0

W
(c)

i (xi(k|k − 1)− x̂(k|k − 1))

· (ςi(k|k − 1)− ŷ(k|k − 1))T (27)

Update the filter gain matrix:

K (k) = Pxy(k|k − 1)P−1yy (k|k − 1) (28)

Estimate the values after the status updates:

x̂(k|k) = x̂(k|k − 1)+ K (k)(y(k)− ŷ(k|k − 1)) (29)

Calculate the state posterior variance matrix:

P(k|k) = P(k|k − 1)− K (k)PyyKT (k) (30)

4) Noise statistical characteristics update:
q̂k = (1− dk )q̂k−1 + dk (x̂(k|k)− x̂(k|k − 1))
Q̂k = (1− dk )Q̂k−1 + dk [K (k)(y(k)− ŷ(k|k − 1))
·(y(k)− ŷ(k|k − 1))TKT (k)+ P(k|k)− Pxy]

(31)

where dk = (1 − b)/(1 − bk+1), and b is a forgetting
factor. In this paper, formula (31) is introduced in the AUKF,
the noise of a stochastic system is estimated after state updat-
ing, and the next prediction is made. Thus, the noise adaptive
UKF is constructed by the cycle.

B. ADAPTIVE FUZZY SLIDING MODE CONTROLLER
The controller is designed after all parameters are ready.
The selection of a sliding surface should not only satisfy the
trajectory of the yaw rate but also consider the trajectory of
the sideslip angle. From themotion equation of the linear two-
degree-of-freedom vehicle model, the yaw rate ωr and the
sideslip angle β have a certain coupling relationship, and one
variable alone cannot fully reflect the state of vehicle motion.
Therefore, the joint control of ωr and β is analyzed in this
paper. The design of sliding mode control is mainly divided
into the design of a sliding mode surface and the choice of
reaching law. When these two points are determined, the
expression of the control variable can be derived.
First, the sliding surface is defined as follows:

s = ε (ωr − ωrdes)+ ξ (β − βdes) (32)

Second, the differential on both sides of equation (12) is
obtained:

ṡ = ε (ω̇r − ω̇rdes)+ ξ
(
β̇ − β̇des

)
(33)

After adding an additional yaw moment, formula (2) is
rewritten as follows [32]:

(
lf Kf −lrKr

)
β−Izω̇r+

(
l2f Kf +l

2
rKr

)
Vx

ωr+1M = lf Kf δ

(34)

ω̇r in formula (34) is expressed by other quantities and
substituted into formula (33) and sorted out.

1M = −
I
ε
ṡ−

(
lf Kf − lrKr

)
β −

(
l2f Kf + l

2
rKr

)
V

ωr

+ lf Kf δ − I ω̇rdes +
Iξ
ε

(
β̇ − β̇des

)
(35)
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In this paper, the exponential reaching law is chosen to
restrict the trajectory of the system:

ṡ = −k sgn s− bs (36)

Substitute Formula (36) into Formula (35) and obtain the
following formula:

1M = −
I
ε
(−k sgn s− bs)−

(
lf Kf − lrKr

)
β

−

(
l2f Kf + l

2
rKr

)
V

ωr + lf Kf δ − I ω̇rdes

+
Iξ
ε

(
β̇ − β̇des

)
(37)

Finally, the stability of the system using Formula (36) as
the control law is analyzed. The stability is proven as follows:

Consider the Lyapunov function as follows:

V =
1
2
s2 (38)

By substituting the control law of Formula (36), we can
obtain:

V̇ = sṡ = s(−k sgn s− bs) = −k |s| − bs2 < 0 (39)

According to formula (37), the existence of symbolic
functions can effectively eliminate the unknown interference
terms, while inevitably leading to chattering. Therefore, this
paper adopts a fuzzy approximation algorithm to construct
continuous of discrete symbolic functions; thus, the chatter-
ing phenomenon can be fundamentally reduced. The design
process of the fuzzy approximation is described below.

The product inference engine, single-valued ambiguity and
central average ambiguity resolver are employed. The output
y(x) of a fuzzy system can be written as follows:

y(x) =

m∑
j=1

yj(
n∏
i=1
µAji(xi)

)

m∑
j=1

(
n∏
i=1
µAji(xi)

)
(40)

The switching function s(t) is taken as the input of the fuzzy
system, where Aji is its fuzzy set {NB NS ZO PS PB}, and
µAji(si)

is the membership function of si:

µNB(s) =
1

1+ exp(5(s+ 4))
,

µNS (s) =
1

1+ exp(5(s+ 2))
,

µZO(s) = exp(−s2),

µPS (s) =
1

1+ exp(5(s− 2))
,

µPB(s) =
1

1+ exp(5(s− 4))
.

The following fuzzy system ĥ(S, θ̂ ) is employed as the
output to continuous approach (k/ε)sgns:

ĥ(s|θ̂ ) = θ̂Tφ(s) (41)

φ(s) is a fuzzy vector satisfy the form
(
n∏
i=1
µ
Aji(si)

)

m∑
j=1

(
n∏
i=1
µ
Aji(si)

)
, θT is the

degree of adjustment, which varies according to the adaptive
law. In the ideal state ĥ(s|θ̂ ) = k

ε
sgns, while the actual driving

conditions are complex and changeable, the ideal state cannot
be ensured for a long time. To generate ĥ(S, θ̂ ) in real time and
make it infinitely approach (k/ε)sgns, the following adaptive
laws are designed to adjust θ̂ :

˙̂
θ = rsφ(s) (42)

where r is a normal number, and the setting is designed
according to the system state. The optimal adjustment param-
eter θ̂∗ is determined by formula (43). Thus, φ(s) should be
adjusted in real time with a change in s(t). The objective is to
minimize the adjustment error eθ =

˙̂
θ − θ̂∗.

θ̂∗ = argmin
θ∈�

[sup |ĥ(s|θ̂ )−
k
ε
sgn s] (43)

where � is the set of θ .
After introducing ĥ, formula (37) can be rewritten as:

1M =
Ib
ε
s−

(
lf Kf − lrKr

)
β −

(
l2f Kf + l

2
rKr

)
V

ωr

+lf Kf δ − I ω̇rdes +
Iξ
ε

(
β̇ − β̇des

)
+ ĥ(S, θ̂ ) (44)

When the switching term is continuous, the coefficient k of
k
ε
sgn s should be able to change with the motion state of the

system, so as to make the approximated fuzzy system ĥ(S, θ̂ )
have a higher condition adaptability.

Therefore, a variable switching gain is designed, and the
switching gain is adjusted according to the relative position,
the movement trend of the system and the sliding surface
by using the fuzzy rules. sṡ is regarded as the fuzzy input,
k is regarded as the output, the parameters sṡ and k are
transformed into the fuzzy sets of s[−2, 2] and k[−2, 2],
respectively, and the corresponding fuzzy linguistic variables
are sṡ = {NB NM NS ZO PS PM PB}, and 1k = {NB NM
NS ZO PS PM PB}. sṡ > 0 indicates that the current state of
the sliding mode function is the same as the change trend, and
the sliding mode surface tends to be far from the sliding mode
surface. The switching gain k should be increased at that time.
sṡ <0 indicates that the state of the sliding mode function
is opposite of the changing trend at this time, the system is
approaching the sliding mode surface, and the switching gain
k should be reduced. However, the size of |sṡ| also needs to be
considered to further rationalize the design of the fuzzy rules.
When |sṡ| is large, |k| should also undergo a larger change,
and vice versa. Based on this analysis, the membership func-
tion diagram of the fuzzy rules and the fuzzy system can be
obtained.

In the design of the fuzzy controller, the design of the fuzzy
rules is an important link for determining its performance.
In this paper, seven fuzzy rules for the switching gain
coefficient k are detailed as follows:
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R1: IF sṡ is PB THEN 1k is PB;
R2: IF sṡ is PM THEN 1k is PM;
R3: IF sṡ is PS THEN 1k is PS;
R4: IF sṡ is ZO THEN 1k is ZO;
R5: IF sṡ is NS THEN 1k is NS;
R6: IF sṡ is NM THEN 1k is NM;
R7: IF sṡ is NB THEN 1k is NB.
The designed adaptive fuzzy sliding mode controller

enables the fuzzy system ĥ(S, θ̂ ) to approximate the symbolic
function with variable gain in real time and reduce chattering
with the premise of self-adaptation.

C. TORQUE DISTRIBUTION CONTROLLER
In this paper, the axle load proportional distribution algorithm
is used to distribute the four-wheel driving force according to
the vertical load on front and rear vehicle axles. This method
should satisfy not only the additional yaw moment but also
the longitudinal force requirement of a vehicle [33].

The methods for determining the estimated values of front
and rear axle loads are presented as follows:

Fzf =
mglr − ax · hg

L

Fzr =
mglf + ax · hg

L

(45)

When the DDEV distributes the longitudinal force of each
wheel using the axle load proportional distribution algorithm,
the longitudinal force of each wheel must satisfy the require-
ments of the longitudinal force and additional yaw moment,
as well as the following formula [28]:

Fx1 + Fx3
Fzf

=
Fx2 + Fx4

Fzr
Fx3 − Fx1

Fzf
=
Fx4 − Fx2

Fzr

(46)

From the vehicle kinematics, the longitudinal force of four
wheels is obtained as follows:

Fx1 =
mglr − ax · hg

2mgL

∑Fx

2
−

∑
M

B/2


Fx2 =

mglf + ax · hg
2mgL

∑Fx

2
−

∑
M

B/2


Fx3 =

mglr − ax · hg
2mgL

∑Fx

2
+

∑
M

B/2


Fx4 =

mglf + ax · hg
2mgL

∑Fx

2
+

∑
M

B/2



(47)

The optimized four-wheel longitudinal force of the DDEV
can be obtained by considering the road adhesion limit:

|Fxi| ≤ min (Fxi, µFzi) , i = 1, 2, 3, 4 (48)

According to the tire radius, the longitudinal force of each
wheel is converted to the required output torque Ti of the hub

FIGURE 2. (a) Membership function of switching gain coefficient K(t). (b).
Membership function of the product of sliding mode surface function s
and its derivative ṡ.

FIGURE 3. The overall architecture layout of the simulation validation
test.

motor, which is outputted to equation (15) and CarSim from
the motor model.

IV. RESULTS AND DISCUSSION
To verify the effect of the previous work, CarSim is used to
carry out the simulation test because of the lack of necessary
real-lane experimental conditions and the danger of this test.
In this paper, the Simulink model of FSMC, and the whole
vehicle model in CarSim are used to carry out joint simulation
tests under two working conditions, which include a double
lane-shifting test and fishhook test, the estimation effect of
AUKF is verified under two conditions, and the traditional
SMC and unstable control are compared with the FSMC
designed. The overall layout is shown in Fig. 3 [34], [35].

A. DOUBLE LANE SHIFT TEST
The double lane change test, which is also known as the
elk test, aims to simulate the ability of a vehicle to quickly
steer and recover the original lane after urgently avoiding
obstacles [37]. Specific parameters are established as follows:
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FIGURE 4. (a). DLC test Lane layout. (b). Comparison of estimated sideslip
angle and real value. (c). Sideslip angle estimation error.

the vehicle speed is 80 km/h, road adhesion coefficient is 0.5,
and test lane layout is shown in Fig. 4. (a).

The AUKF designed in this paper can estimate the sideslip
angle as shown in Fig. 4(b). To strictly ensure that the
input variables (sideslip angle) of CarSim are always at the
same frequency as the calculated variables (sideslip angle)
of AUKF estimator, Simulink is set to a fixed step size in
simulation, and its sampling time corresponds to the output
period setting in CarSim, so as to ensure the real-time perfor-
mance in calculating yaw moment. As the CarSim software
is based on the data obtained from the exact test, the sideslip
angle generated by the CarSim software is taken as the true
value. As shown in Fig. 4(c), the error range of the AUKF
estimation method is ±0.01 deg, which has a fairly high
estimation accuracy. Therefore, the follow-up research has
practical significance.

The additional yaw moments obtained by the traditional
SMC control method and the FSMC control method are
shown in Fig. 5. (a) and Fig. 5. (b), respectively. The SMC
control method has a continuous large-scale chattering phe-
nomenon in the range of 0-2 seconds and 6.6-6.8 seconds,
and the amplitude is approximately±200 N·m. However, the
additional yaw moment calculated by FSMC has a sudden

FIGURE 5. (a). Yaw moment in SMC control mode. (b). Yaw moment in
FSMC control mode.

change of 177.194 N·m in 2.8299 seconds and 180.3 N·m
in 2.8669 seconds. No other large, sudden changes occur in
the whole test, and only a few small sudden changes and
buffeting occur. From the transient response of yaw moment,
the former has a sudden change in the opposite direction of
expected control at the time when accidents are more likely
to occur. Conversely, although sudden changes occur in the
control variable of FSMC at the critical point of bending,
the amplitude of FSMC distinctly decreases and the subse-
quent control quickly returns to normal.

According to the results, it can be inferred that the required
yaw moment calculated by the SMC method will produce
distinct chattering, and the tracking control ability is poor
when the system motion state sharply changes. The reason
may be that the motion state of the vehicle substantially
changes before and after turning, and the control moment
should decrease after bending, while the traditional SMC
cannot adequately adjust the change rate. In addition. SMC
is sensitive to interference before reaching the sliding mode
surface, which causes a large instantaneous sudden change
when the vehicle crosses the curve.

After calculating the required yaw moment, it is allocated
to four hub motors, and the required yaw moment is achieved
by controlling the differential speed of each wheel. Motor
torques that correspond to the four wheels under the control of
SMC and FSMC are shown in Fig. 6.(a) and Fig. 6.(b). Due to
the chattering and abrupt change of the SMC method for cal-
culating the required yaw moment, the executing mechanism
will also have corresponding problems. The sudden change in
torque chattering not only affects the comfort of the vehicle
but also causes substantial damage to the motor and other
components, which considerably shortens its life. The time-
varying curve of the four-wheel motor torque controlled by
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FIGURE 6. (a). Output torque of hub motor in SMC control mode. (b).
Output torque of hub motor in FSMC control mode.

TABLE 3. Output torque chattering amplitude of left front wheel hub
motor under DLC.

the FSMC method is consistent with the yaw moment wave-
form, and only small buffeting occurs in a limited amount
of time. Compared with traditional SMC, both the amplitude
and frequency of buffeting are substantially reduced. Taking
the left front wheel as an example, a comparison of the
buffeting amplitude is shown in Table 3.

After analyzing the advantages and disadvantages of the
two methods in the control process, the control effect is com-
pared according to Fig. 7. (a)-(c). As shown in Fig. 7. (a), the
vehicle with the FSMC method can control the sideslip angle
in the range of −0.2◦ to +0.15◦. Although the traditional
SMC has reduced the range of the sideslip angle compared
with the vehicle without control, a large deviation remains
from 5-6 seconds of the test with amaximumvalue of−0.35◦,
which represents the tendency of the vehicle to slip or even
rollover at this time. In terms of the yaw rate, the traditional
SMC method and FSMC method have a better control effect,
which renders the yaw rate follow-up response faster and
controlled within the range of±10 deg/s. However, the SMC
method is not as reliable as the FSMC method, and the yaw
rate of the test vehicle is even greater than that of the uncon-
trolled vehicle from 4-5 seconds. From the point of view of
the trajectory, FSMC has the best control effect, and is the

FIGURE 7. (a). Response curve of sideslip angle under double lane
shifting condition. (b). Response curve of yaw rate under double lane shift
conditions. (c). Vehicle trajectory under double lane change condition.

first one to attain the predetermined trajectory when the test
of double lane change is almost completed. The maximum
offset in the Y direction is less than the other two methods,
while uncontrolled vehicles have basically lost control.

The FSMC method can adequately limit the sideslip angle
and yaw rate to a small range in the whole process, which
not only guarantees safety but also improves the comfort. The
inappropriate calculation of an additional yaw moment in the
SMC method generates a steep increase of yaw rate from
4-5 seconds, which may make passengers more uncomfort-
able than that without control in some cases. Therefore,
excellent adaptability is important. The yaw rate and sideslip
curve of FSMC and SMC stop after 7.5 seconds because the
vehicle has completed the test first, while the uncontrolled
vehicle greatly deviates from the predetermined trajectory,
which produces a longer test time.

B. FISHHOOK TEST
The fishhook test is a high-speed collision avoidance test,
which is a common test for testing an electronic active safety
control system. This test can fully verify the function of vehi-
cles in a nonlinear area. The simulation results are detailed
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FIGURE 8. (a). Fishhook test steering wheel angle input. (b). Comparison
of estimated sideslip angle and real value. (c). Sideslip angle estimation
error.

as follows: the vehicle speed is 80 km/h, the road adhesion
coefficient is 0.7, and the steering wheel angle input is shown
in Fig. 8. (a) [37].

The estimated effect of the AUKF designed in this paper
under the fishhook test condition is shown in Fig. 8 (b).
The error range of the AUKF estimation method is basically
between ±0.03 deg, although the error is larger than that of
the DLC condition. Considering the larger value of the side
slip angle under this condition, it can be considered to have
a higher accuracy, and the follow-up research based on this
finding has practical significance.

Fig. 9 shows that the yaw moment calculated by the SMC
control method will have frequent buffeting when the vehi-
cle’s motion state rapidly changes, with an average amplitude
of 187 N m, while the yaw moment calculated by FSMC
has no buffeting. The yaw moment value obtained by the
FSMC control method is larger, and the average value is
1176.45 N·m, while that of the SMC control method is
838.17 N m.

The control variable of FSMC under this condition is sig-
nificantly higher than that of SMC. As the system will adjust

FIGURE 9. (a). Yaw moment in SMC control mode. (b). Yaw moment in
FSMC control mode.

FIGURE 10. (a). Output torque of hub motor in SMC control mode.
(b). Output torque of hub motor in FSMC control mode.

the switching gain coefficient according to the vehicle motion
state, the subsequent control can be completed by the active
adjustment coefficient when the instability tendency is large.
Once the traditional SMC is designed, the coefficient can-
not be changed, and the coefficient cannot be automatically
adjusted according to the motion state.

As shown in Fig. 10, as the distribution of the motor torque
must ensure the realization of the calculated yawmoment, the
fluctuation of the yaw moment causes frequent chattering of
the output torque of the hub motor, which will shorten the
service life of motor and other electrical components for a
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TABLE 4. Output torque chattering amplitude of left front wheel hub
motor under fishhook.

FIGURE 11. (a). Response curve of side slip angle under fishhook test
condition. (b). Response curve of yaw rate under fishhook test condition.
(c). Vehicle trajectories under fishhook test condition.

long time. Taking the left front wheel as an example, a com-
parison of the buffeting amplitude is shown in Table 4. The
FSMC control method can substantially weaken the buffeting
amplitude.

The differences among FSMC, SMC and uncontrolled
vehicles are compared based on the control effect. The
sideslip angle, yaw angular velocity and trajectory of FSMC,
SMC and uncontrolled vehicles are shown in Fig. 11. The
vehicle controlled by FSMC limits the sideslip angle from
−1◦ to 1.5◦, and the average absolute value of the sideslip
angle is 0.382◦, which is less than 0.563◦ of the SMC control
method. The yaw rate curve shows that the uncontrolled

vehicle loses control after 3 seconds, and the rear axle side
slip causes the vehicle yaw rate to increase. The yaw rate
of an uncontrolled vehicle and a vehicle controlled by the
SMCmethod is larger in 1-3 seconds, and a considerable yaw
rate change rate exists before and after 2 seconds, which is
143.344 deg/s2 and 64.738 deg/s2, respectively. The FSMC
control method designed in this paper restricts the occurrence
of a large yaw rate and sudden change by applying an addi-
tional yaw moment, which is more suitable for the current
working condition to the vehicle, and limits the yaw rate to a
reasonable range (−23 deg/s to 18.7 deg/s) in the subsequent
test. The change rate of the yaw rate before and after 1 second
decreases to 42.816 deg/s2. The analysis of vehicle trajectory
indicates that the uncontrolled vehicle has excessive steering
due to the rear axle side slip, which causes the vehicle to
substantially deviate from the ideal trajectory, while SMC
improves the vehicle motion. However, the control force is
not sufficient, which causes the vehicle control effect to be
inferior to the FSMC method.

As the setting of this condition is different from that of the
double lane-shifting condition, the vehicle is in the extreme
motion state for a long time, which causes the sideslip angle
and yaw rate to be significantly greater than those of the
double lane-shifting condition. Therefore, although this value
is relatively large, considering the poor driving conditions,
the FSMC method shows that limiting the dangerous move-
ment of the body is more effective and ensures the normal
movement posture of the body.

V. CONCLUSION
Based on the model building and AUKF centroid sideslip
angle estimation, an adaptive DYC is proposed utilizing
FSMC as a decision-making layer. Therefore, a DYC hierar-
chical control strategy that is based on vehicle state estimation
is developed. For validation, two aspects of the advantages of
the FSMC designed in this paper compared with traditional
SMC are analyzed.

From the viewpoint of the control process, the traditional
SMC is very sensitive to disturbance when it attains the
sliding mode, and a small disturbance will also cause a
large control variable in the traditional SMC. Thus, frequent
chattering will occur in the control process, and the abrupt
amplitude of change of the control variable is large, which
cannot be quickly restored to normal. The FSMC designed in
this paper maintains continuous discrete symbolic functions
by using the fuzzy system ĥ(S, θ̂ ) approach and the switching
termwith variable gain, which avoids the problems caused by
the traditional SMC.

From the point of view of the control effect, the con-
trol effect of the traditional SMC is worse than the FSMC
control method designed in this paper. The reason is that
the traditional SMC control method cannot be changed once
the parameters are set, and the setting of parameters cannot
ensure that the control effect attains the best level under
each working condition. When FSMC is designed, the vari-
able switching gain based on the fuzzy rules can adjust the
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parameters in real time according to the relative position of
the system, the sliding surface and its motion state. Thus,
the fuzzy system ĥ(S, θ̂ ) always approximates the switching
term of the variable gain, which guarantees the ideal control
effect under any working conditions and ensures the stability
and convergence of the whole system.
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