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terminal sliding mode (NFTSM) control method. This method
can achieve fast convergence and chattering elimination simul-
taneously [23, 24], thus it can be applied in this work to calcu-
late the optimal direct yaw moment. On this basis, it is obvi-
ous that an optimal allocation problem of the tire forces should
then be solved. Although several algorithms have achieved ef-
fective allocation of the tire forces [25�27], the calculation time
is still too long for the complex optimization problem such as
the tire forces allocation in this work, which cannot be accepted
by the actual DYC strategy design. Thus, a novel numerical
method for solving nonlinear programming problems, i.e. the
trust-region interior-point method [28�30], is adopted in this
work to achieve the real-time solution of the optimal allocation
problem of the four wheel forces.

According to the above descriptions, modeling of tire nonlin-
ear mechanical properties in the STI form, the NFTSM control
algorithm used for calculating the optimal direct yaw moment
and the optimal allocation of the tire forces of four wheels based
on the trust-region interior-point method are the three unique
features of this research. These three points are essential for
moving forward the scienti�c and industrial knowledge on DYC
strategy design. Although the aforementioned methods are not
innovatory for this research from a separate perspective, it is of
great signi�cance to combine them to achieve DYC strategy de-
sign for autonomous electric vehicles. By conducting this work,
the tire forces coupling relationship is considered more com-
prehensively, the calculated direct yaw moment becomes more
reasonable and the solution of the optimal allocation problem
of the tire forces is quicker. Thus the DYC system is rendered
more suitable for real-world vehicle implementations.

The organization of this paper is as follows: modeling of the
tire nonlinear mechanical properties in the STI form and estab-
lishment of a 7-DOF vehicle dynamics model are reported on in
Section 2. Calculation of the optimal direct yaw moment based
on the NFTSM control algorithm is given in Section 3. The
optimal allocation of the tire forces by using the trust-region
interior-point method is reported in Section 4. The CarSim-
Simulink co-simulation study used to verify the effectiveness
of the DYC strategy is shown in Section 5. Finally, the conclu-
sions are provided in Section 6.

2. System description and modeling

2.1. Tire nonlinear mechanical properties modeling. In this
work, to reduce computational complexity and facilitate the
real-time application in DYC system, the STI tire model is
�rstly simpli�ed on the premise of ensuring model accuracy
and preserving the whole structure of the tire model. Mean-
while, to obtain the most accurate tire model parameters, tire
tests are conducted, thus the STI tire model parameters can be
�tted accurately based on the experimental data, which is highly
consistent with the tire actual mechanical characteristics.

2.1.1. STI tire model description. To model the tire mechan-
ical properties in the STI form, the composite slip coef�cient �
must be de�ned �rstly as [31]:
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where ap is the tire contact patch length, k� is the tire lateral
stiffness, ks is the tire longitudinal stiffness, � is the tire slip an-
gle, s is the tire slip ratio, � is the road adhesion coef�cient and
Fz is the tire vertical load. According to the expression of the
composite slip coef�cient, it can be seen that many factors are
considered carefully, thus the STI tire model can precisely de-
scribe the tire mechanical characteristics under composite con-
ditions on this basis.

In Eq. (1), the length of the tire contact patch can be further
de�ned as [15]:
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where Fzt is the tire design load, Tw is the tire width and Tp is
the tire pressure. Tire lateral stiffness k� and tire longitudinal
stiffness ks in Eq. (1) can be measured by means of experimen-
tal tests. On this basis, to further consider the saturation effect
of the tire longitudinal stiffness, modi�ed tire longitudinal stiff-
ness ksm is de�ned as:

ksm � ks � �k� � ks�
�

sin2 � � cos2 � � (3)

Based on the de�ned composite slip coef�cient � , a tire force
saturation function is further de�ned as:
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where C1, C2, C3 and C4 are the �xed coef�cients, which can be
obtained by �tting the experimental data. Function f ��� is con-
sistent with the mechanical properties of the tire force friction
circle, thus it can re�ect the tire force saturation characteris-
tics effectively. Then, on the basis of the above equations, the
standardized expressions of the tire longitudinal force and tire
lateral force in the STI form can be described, respectively, as:
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where Fx is the tire longitudinal force, Fy is the tire lateral force,
� is the tire camber angle and Y� is the tire camber coef�cient.
As can be seen in Eq. (5), the coupling relationship between
the tire longitudinal force and tire lateral force is re�ected in an
exact manner.

2.1.2. Tire mechanical properties tests. To obtain the exper-
imental data which can accurately re�ect the tire nonlinear me-
chanical properties, tire mechanical properties tests are con-
ducted. During the tire test process, three different tire vertical
loads, reasonable tire slip range (�1�0�5), tire sideslip angle

2 Bull. Pol. Acad. Sci. Tech. Sci. 69(3) 2021, e137065

NFTSM control of direct yaw moment for autonomous electric vehicles with consideration . . .

range (�15��15�) and two road longitudinal adhesion coef-
�cients are achieved. The tire camber angle is assumed to be
zero, thus the in�uence of the camber angle on the tire lateral
force shown in Eq. (5) is not considered in this work. The tire
slip range is set as ��1� 0�5�, which means that the tire can be
completely locked when braking, while for driving on slippery
roads, the maximum tire slip is set to 0.5. The speci�c parame-
ter settings of the tire mechanical properties tests are provided
in Table 1.

Table 1
List of parameter settings

Parameter Setting

Tire pressure (kPa) 880

Tire width (m) 0.114

Tire design load (kN) 12

Vertical load (N) 8060, 9480, 11770

Tire slip angle (�) �15�15

Longitudinal slip ratio �1�0�5

Adhesion coef�cient 0.34, 0.77

2.1.3. Tire model parameters �tting. Based on the experi-
mental data, the parameters of the STI tire model can then be
�tted. According to the expressions of the tire forces, it is obvi-
ous that the parameters to be �tted are the four �xed coef�cients
C1, C2, C3 and C4 in Eq. (4). Consider the case of the tire bench
test under the low road adhesion coef�cient: the STI tire model
parameters �tting process is shown in Fig. 1.

Fig. 1. STI tire model parameter �tting process

Before achieving the �tting of the four coef�cients C1, C2,
C3 and C4, tire lateral stiffness k� and tire longitudinal stiffness
ks should be measured based on the experimental test results
�rstly. On this basis, the value of the composite slip coef�cient
� can then be calculated for different tire vertical loads, tire

slip angles and tire longitudinal slip ratios. Meanwhile, the tire
force saturation function can also be determined based on the
experimental results and Eq. (5). Therefore, by combining the
value of the composite slip coef�cient and the value of the tire
force saturation function, the �xed coef�cients C1, C2, C3 and
C4 can then be determined by using the curve �tting function.
Finally, the values of the four �xed coef�cients C1, C2, C3 and
C4 are determined as 6.5, 4.54, 4.6 and 0.25, respectively.

Based on the �tted tire force saturation function, the tire force
comparisons between the experimental results and the simula-
tion results of the STI tire model are further shown in Fig. 2 and
Fig. 3, where the solid lines represent the �tting data and the
lines with data points represent the experimental data. As can
be seen from these two �gures, the simulation results of the STI
tire model are in good agreement with the experimental results,
which indicates that the derived STI tire model can accurately
describe the tire nonlinear mechanical properties and the cou-
pling relationship between the tire longitudinal force and tire
lateral force.

Fig. 2. Tire longitudinal force comparison

Fig. 3. Tire lateral force comparison

2.2. Vehicle dynamics modeling. In this section, a 7-DOF ve-
hicle dynamics model is established for the four-wheel indepen-
dent drive electric vehicle based on previous literature [32�34].
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2.2. Vehicle dynamics modeling. In this section, a 7-DOF ve-
hicle dynamics model is established for the four-wheel indepen-
dent drive electric vehicle based on previous literature [32�34].
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