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Abstract - Objective: To improve the safety and stability of the vehicle in the event of a fault by 
studying the drive fault-tolerant control strategy of a four-wheel drive electric vehicle. Methods: A 
hybrid non-singular terminal sliding mode control (HNTSM) controller is proposed by combining 
linear sliding mode control and non-singular terminal sliding mode, and its performance is 
compared with proportional-integral-derivative controller and linear sliding mode controller 
through simulation experiments. A torque distribution strategy is proposed based on the control 
distribution method, and simulation experiments are performed on the strategy. Finally, a 
hierarchical fault-tolerant controller is proposed, which divides the fault-tolerant system into 
upper and lower controllers to achieve different control goals. The controller is numerically 
simulated based on MATLAB/Simulink. Results: The instantaneous overshoot of HNTSM controller 
start-up is small, the current response is stable, and the optimization effect is the most significant. 
The torque distribution strategy can effectively follow the change of yaw angular velocity and 
ensure that the side deviation angle of the centre of mass does not exceed a certain range. The 
hierarchical fault-tolerant controller controls the vehicle, which can effectively track the speed and 
yaw rate; at the same time, it realizes the active steering of the front wheels to keep the vehicle 
turning at a constant speed. Conclusion: The three fault-tolerant control methods proposed in this 
study are feasible and excellent, which can effectively improve the safety and stability of 
automobile faults. 
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1. Introduction 
 
Four-wheel drive vehicles increase the driving force 
by increasing the utilization of wheel adhesion. 
Researchers worldwide have focused on this 
technology, which has now become the research hot 
spot in the automotive field. Many well-known 
vehicle enterprises have applied four-wheel drive 
technology to the research, development, and 
practical applications of various sports vehicles and 
high-end vehicles [1].  

A four-wheel drive electric vehicle, by installing 
four motors directly in the four-wheel hubs of the 
vehicle, makes it possible to omit a large number of 
automotive mechanical parts compared to a 
traditional vehicle, thereby simplifying the overall 
structure of the vehicle [2].  

In addition, four-wheel-drive electric vehicles use 
new energy: the electrical energy; therefore, 
compared with traditional gasoline vehicles, four-
wheel-drive electric vehicles have not only greater 
energy efficiency but also the advantage of clean 
energy and small pollution. Affected by the response 
performance of automobile motors, the control 

performance of four-wheel drive electric vehicles 
has also been improved to a certain extent [3].  

The four wheels of a four-wheel drive electric 
vehicle are not connected with rigid mechanical 
devices. Thus, the running status of the wheels 
cannot interfere with each other, which greatly 
improves the transmission efficiency of the vehicle 
and reduces the overall quality of the vehicle, as well 
as simplifying the structure of the vehicle. Therefore, 
the distance travelled by electric vehicles can be 
extended, indicating the way forward in the field of 
later automotive research. 

Since the four-wheel drive torque of a four-wheel 
drive electric vehicle is mutually independent, it is 
convenient to perform integrated linear control. 
However, when controlling the wheels, the failure of 
any mechanical component, such as the automobile 
sensor or inverter, will cause the corresponding 
wheel hub motor to malfunction, resulting in an 
error in the provided torque [4].  

Also, the failure of any one or more in-wheel 
motors will have an impact on the performance of 
the four-wheel drive electric vehicle, reducing the 
safety and stability of the vehicle. Therefore, by 
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studying the corresponding fault-tolerant control 
strategy of the vehicle, when the motor of the vehicle 
fails and the formal state of the vehicle is affected, 
the fault-tolerant control of the vehicle’s motor 
failure is performed to ensure that the vehicle can 
complete operations such as continued steering, 
thereby improving the and the security stability of 
the vehicle [5]. 

In this study, a combination of linear sliding 
mode control and non-singular terminal sliding 
mode is proposed. A hybrid non-singular terminal 
sliding mode control (HNTSM) controller is 
proposed. At the same time, a torque distribution 
strategy and a hierarchical fault-tolerant controller 
are proposed. It is expected that through the above 
three controllers and control strategies, the vehicle 
can still run stably when a fault occurs.  

The feasibility and superiority of the proposed 
method are verified by respective simulation 
experiments. 

 

2. Methods 
2.1 Hybrid Sliding Mode Control Strategy 

 
The general control system is often affected by 

various parameters, external interference, and 
noises, resulting in various changes in the structure. 
Therefore, sliding mode variable structure control 
was born based on this. This control was developed 
based on the discontinuity of the system, that is, the 
structure of the system will be adjusted at any time 
according to changes in various parameters and 
external conditions during operation [6].  

HNTSM control is a complex sliding mode control. 
It is a new sliding mode controller that combines 
linear sliding mode and non-singular terminal 
sliding mode structures. 

The non-singular terminal sliding mode 
controller avoids the singularity zone during the 
research and development of sliding mode and adds 
the nonlinear term to the sliding mode controller; 
therefore, the system state can converge to the 
expected value in the shortest time. However, since 
the convergence of the non-singular terminal sliding 
mode controller is not high enough, when the actual 
state of the system is far away from the equilibrium 
point, the response speed will be slower, the used 
convergence time gets longer, and the dynamic 
performance of the system is reduced. The linear 
sliding mode controller uses exponential deviation to 
achieve asymptotic convergence; therefore, the 
response performance is better. However, instead of 
being completely coincident with the given 
trajectory, it can only be infinitely close [7].  

Therefore, to improve the control performance of 
sliding mode control system, this study combines 
linear sliding mode control with non-singular 
terminal sliding mode and proposes a HNTSM 
controller. 

Through simulation experiments and the 
comparison with proportional-integral-derivative 
(PID) controller and the linear sliding mode (LSM) 
controller, its feasibility and superiority are 
analysed. 

 

2.2 Torque Distribution Strategy 
 
At present, most of the four-wheel independent 

drive electric vehicles adopt overdrive systems. A 
number of different control distribution methods 
have been developed globally to enable the wheel 
motor, thereby achieving the yaw torque △Mz 
obtained by the control system. The simplest control 
distribution method is based on a hypothetical linear 
model. It is found that the result of this solution is 
not the optimal solution [8].  

Therefore, researchers generally adopt the 
method of solving quadratic programming to obtain 
the optimal solution; also, the numerical methods 
are sometimes adopted. However, this method has 
significant disadvantages. The operation of this 
method requires a lot of computing resources, which 
is difficult to achieve real-time control. 

For different optimization objectives, different 
objective functions need to be selected.  

The evaluation of various control objectives 
worldwide has been studied. Most researchers have 
chosen the hybrid objectives of the driver itself and 
the error of the control effect [9].  

Also, the control target selected in this study not 
only needs to realize that the four-wheel hub motors 
can track the total yaw torque but also has to reduce 
the torque output of the wheel motors of the 
automobile wheels, as well as making full use of the 
adhesion torque of each wheel. 

To obtain the ideal yaw moment by controlling 
the distribution method, the wheel torque should not 
exceed the limit provided by the ground; otherwise, 
the wheel may slip. However, there is a strong 
coupling relationship between the longitudinal and 
lateral forces of the wheel, which can be observed 
through the force circle model of the wheel. 

The mathematical model of the force circle of the 
wheel is: 
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Where:  xF
 and yF

 represent the longitudinal 
and lateral forces of the wheel; Cx and Cy represent 
the longitudinal and lateral stiffness of the wheel; u 
represents the road surface adhesion coefficient.  

This study improves the utilization of the road 
adhesion coefficient by controlling the slip ratio of 
the driving wheels, which improves the adhesion of 
the wheels to the road to a certain extent and also 
increases the lateral stability and safety of the 
vehicle when turning. 
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The control objective equation proposed through 
research is: 
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In the equation: 
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Where: Ti (i=1, 2, 3, 4) represents the torque 

provided by the four-wheel hub motor. effr
     

represents the effective radius of the vehicle wheel. F 
represents the error between the yaw moment 
calculated by the controller and the actual yaw 
moment. W stands for reducing the longitudinal 
force of the vehicle wheel, and     stands for a 
constant used to balance the distribution error and 
control cost. 

The weight matrix W in the penalty function is 
used to scale the adhesion of the four wheels. For 

example,  
2 2 2 0zi yiF F  

 means that there is no 
adhesion remaining on the i-th wheel. At this time, 
the corresponding W will set a huge number to 
“punish” the i-th wheel to reduce the adhesion of the 
wheel. 

The linear equation can find the optimal wheel 
force distribution. Therefore, the problem of control 
distribution is transformed into a constrained 
quadratic programming problem, and the obtained 
motor torque is input into the vehicle model for 
experimental simulation. 

 

2.3 Hierarchical Fault-tolerant Controller 
 
This section uses a hierarchical control system to 

design fault-tolerant controllers. The fault-tolerant 
controllers are divided into upper and lower 
controllers. The upper controller is used to control 
the dynamics model of the entire vehicle and the 
driving speed of the vehicle as close to the expected 
value as possible. The lower controller is used to 
control the torque of the three normal wheels except 
for the fault and the yaw rate of the vehicle as close 
to the expected value as possible, thereby achieving 
the stable operation of the vehicle. 

Upper controller: To control the vehicle dynamics 
of the vehicle and weigh the limits of the actual 
torque, the upper controller uses a nonlinear model 
predictive control (NMPC) algorithm. On the one 
hand, NMPC meets the requirements of model 
predictive control theory for the accuracy of the 
model of the control object, facilitates the process 
description, and has a large amount of information 
redundancy, which increases the robustness and 
stability of the system. On the other hand, NMPC 
uses a rolling optimization strategy.  

Compared with the global one-time optimization 
strategy, the rolling optimization strategy can adjust 
the instability caused by model distortion, 
interference, mismatch, and other factors in time, 
which has excellent dynamic performance. The 
NMPC algorithm is easier to be applied to non-linear, 
large delay, constrained, non-minimum phase and 
other practical processes, and can more effectively 
solve the multi-variable and constrained problems 
[10]. Therefore, it is reasonable to use this method to 
design the upper controller. 

When the wheel hub motor of any of the wheels 
fails during the running of the vehicle, the wheel of 
the vehicle will no longer provide torque, and the 
slip rate of the wheel will also be zero. Therefore, if 
the wheel hub motor of any wheels fails, it is only 
necessary to set the maximum and minimum values 
of the constraint of the slip ratio of the wheel to 0. 

Lower controller: This study uses the lower 
controller to output the torque of three wheels to 
control the yaw rate of the wheels. It is necessary to 
track the virtual control input of the upper 
controller, that is, the wheel slip rate output by the 
upper controller. The dynamic model of the wheel is 
simpler than the dynamic model of the vehicle; thus, 
only a PID controller needs to be designed. 

In this study, MATLAB/Simulink is used to 
simulate the fault-tolerant control algorithm 
proposed above. The simulation experiments are 
performed with the vehicle during constant speed 
steering. The vehicle is in a constant speed steering 
operating state, which means that the vehicle driver 
only operates the vehicle’s steering wheel and does 
not control the drive of the vehicle. At the same time, 
the vehicle always maintains the initial degree of 
constant speed. In this driving state, taking the left 
front wheel of the vehicle as an example, the 
following three scenarios are compared with 
simulation experiments to verify the effectiveness of 
the proposed fault-tolerance control strategy: 

Scenario 1: No-drive scenario.  
This scenario simulates a vehicle without any 

vehicle dynamics control strategy applied. In the 
simulation experiment, the torque on all wheels is 
set to zero when the vehicle is turning. 

Scenario 2: Two-wheel drive scenario.  
This scenario simulates a situation where the 

motor of a wheel fails and the motor torque of the 
opposing wheel is set to 0.  
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At this time, only the motors of two front wheels 
or two rear wheels provide torque, and the four-
wheel drive becomes two-wheel drive. 

Scenario 3: Three-wheel drive scenario.  
This scenario simulates the situation in where the 

three wheels normally provide torque, which is the 
focus of this study.  

The torque of the motor of the failed wheel is set 
to 0, and the torque of the other three wheels is 
distributed by using a hierarchical fault-tolerance 
controller. 

 

3. Results and Discussions 
3.1 Simulation Results of HNTSM Controller 

 
The simulation experiment uses the detection of 

the motor current signal. Whether the driving motor 
of the vehicle is in a fault state is determined, and 
different current controllers are used according to 
the obtained monitoring conditions to output a 
current response signal after the current is 
controlled. 
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Figure 1:  Comparison of current response of three 

controllers 
 

Figure 1 is a comparison of the current response 

of a PID controller, a linear sliding mode controller, 

and a controller. As shown in Figure 1, although the 

current response of the PID controller is small, the 

overshoot in the initial stage of the response is large, 

and a large spike is generated. Although the LSM 

controller generates smaller spikes and the current 

response is more stable, it still cannot avoid a large 

current overshoot during startup. Compared with the 

first two controllers, the instantaneous overshoot of 

the non-singular terminal sliding mode controller is 

small, the current response is stable, and the 

optimization effect is the most significant, which 

proves that the controller is feasible and excellent. 

 

3.2 Simulation Results of Control Allocation 
 

To prove the feasibility and superiority of the 
proposed control allocation strategy proposed above, 
in this study, SIMULINK and CARSIM are used for 
joint simulation, and line-shift simulation and J-turn 
simulation are performed simultaneously. 

(1) Line shift simulation 
The vehicle runs at a speed of 40 m/s. The front 

wheel of the vehicle has a sinusoidal input of 0.3 rad 
and the period is 2 s. Vehicle simulation of lane 
change is performed. The centroid yaw angle and yaw 
angular velocity of the vehicle are shown in Figures 2 
and 3. 
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Figure 2: Centroid sideslip angle 
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Figure 3: Yaw angular velocity 

 
As shown in Figures 2 and 3, in the absence of a 

control strategy for the vehicle, the yaw angular 
velocity and the centroid sideslip angle of the vehicle 
are significantly different from the ideal state, 
resulting in the running direction of the vehicle 
deviating from the ideal direction of the vehicle. 
Under the same conditions, an electric vehicle with a 
control strategy is added. When the vehicle is 
changing lanes, due to the operation of the added 
control strategy, the yaw angular velocity of the 
vehicle is greatly increased, and the increase of the 
centroid sideslip angle is suppressed.  
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The feasibility and goodness of the control 
allocation strategy can be seen from the results of 
the simulation experiment.  

The control strategy can effectively suppress the 
change of yaw angular velocity and control the 
centroid sideslip angle within a certain range, which 
greatly improves the stability and safety of the 
vehicle. 

(2) J-turn simulation of vehicles 
After the vehicle is driven at an initial speed of 40 

m/s for 1 s, the step of the universal disk is 0.1 rad.  
The simulation results are shown in Figures 4 

and 5. 
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Figure 4:  Yaw angular velocity of the vehicle 

 

0 2 4 6 8

-0.2

-0.1

0.0

0.1

0.2

Time (s)

S
id

e
sl

ip
 a

n
g

le
 o

f 
v

e
h

ic
le

 c
e
n

te
r 

o
f 

m
a
ss

 (
ra

d
)  Ideal state

 Control strategy

 No control strategy

 
Figure 5: Centroid sideslip angle of the vehicle 

 
As shown in Figures 4 and 5, under the condition 

that no control strategy is applied, the degree of yaw 

angular velocity of the vehicle during operation 

deviating from the ideal yaw angular velocity is 

large, and the deviation rate of the centroid sideslip 

angle of the vehicle is also significant. After the 

control strategy is applied, the deviation between 

the driving direction of the vehicle and the ideal 

driving direction is significantly reduced.  

The feasibility and goodness of the control 
allocation strategy can be seen from the results of 
the simulation experiment.  

The control strategy can effectively suppress the 
change of yaw angular velocity and control the 
centroid sideslip angle within a certain range, which 
greatly improves the stability and safety of the 
vehicle. 

 

3.3 Simulation Results of Hierarchical Fault-
tolerant Controller 
 

Figure 6 shows the comparison of the running 
speed and the expected speed of the vehicle in three 
different scenarios. As shown in Figure 6, when the 
vehicle is not driven, its running speed is stable in 
the first 3 seconds. Then, it drops sharply from the 
third second, with a poor steady-state. When the 
vehicle is driving with two wheels, its driving speed 
remains unchanged for the first 2 seconds; then, it 
drops sharply from the second second, with a poor 
steady-state.  

However, when the vehicle is driving under 
three-wheel drive, its driving speed remains 
unchanged in the first 2 seconds, but it changes 
slightly from the second second, and finally coincides 
with the expected speed at about 4.5 s; also, it can 
maintain this running speed for stable driving. 
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Figure 6: Comparison of running speed and  

expected speed 
 

Figure 7 shows the comparison of the sideslip 
angle of the vehicle in three different scenarios.  

As shown in Figure 7, when the vehicle is driven 
with no drive, its sideslip angle can be maintained at 
0 in the first 2 seconds. However, the sideslip angle 
of the vehicle has a significant deviation from the 
second second; when the simulation experiment 
ends, it is still in a changing state; thus, the vehicle 
has always been deviated. When the vehicle is under 
two-wheel drive, its sideslip angle can also be 
maintained at 0 in the first 2 seconds; then, a large 
shock is generated, which eventually approaches 0, 
making the vehicle gradually stable.  

When the vehicle is driving under three-wheel 
drive, its sideslip angle can also be maintained at 0 in 
the first 2 seconds; then, a small amplitude shock is 
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generated, which finally approaches 0 in about 6 
seconds.  

It can be seen from the comparison that although 

the sideslip angle of the vehicle oscillates during 

three-wheel drive, compared to the other two 

scenarios, the time required for the sideslip angle to 

stabilize to 0 is shorter than the time required for 

two-wheel drive scenario, indicating that the three-

wheel drive makes it easier to keep the vehicle 

stable. 
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Figure 7:  Comparison of the sideslip angles of vehicle 

 
 

Figure 8 shows the comparison of the tracking 

effect of the running yaw rate under three different 

scenarios of the vehicle. As shown in Figure 8, the 

expected yaw rate of the vehicle remains 0 in the 

first 2 seconds. Then, two large changes occurred 

from 2s to 4s, but it eventually stabilizes at about 4 

seconds. When the vehicle is driven with no drive, 

the yaw rate of the vehicle can be maintained at zero 

in the first 2 seconds. However, a small oscillation 

occurs from 2 to 9 seconds, and the vehicle cannot 

accurately maintain the desired yaw rate. When the 

vehicle is driven under two-wheel drive, the yaw 

rate of the vehicle can also be maintained at 0 in the 

first 2 seconds, but a small amplitude oscillation 

occurs between 2s and 10s. Finally, it approaches 0 

in about 10 seconds.  

The vehicle cannot accurately maintain the 

desired yaw rate. When the vehicle is driven under 

three-wheel drive, the yaw rate of the vehicle can be 

maintained at 0 in the first 2 seconds, and the 

changes in yaw rate can be accurately tracked 

between 2 seconds and 4.5 seconds.  

Finally, it gradually approaches 0 and remains 

stable after 4.5 seconds. 
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Figure 8: Comparison of vehicle yaw rat 

 
In summary, by using the fault-tolerant controller 

designed in this study to control the vehicle, that is, 

simulation scenario 3, the vehicle can effectively 

track the speed and yaw rate, as well as maintaining 

the stability of itself.  

Therefore, the vehicle is kept turning at a 

constant speed, and the control effect is better than 

that of directly setting the opposite wheel torque of 

the faulty wheel to 0. 

 

4. Conclusions 
 

Based on the previous experiences, a combination of 

linear sliding mode control and non-singular 

terminal sliding mode is proposed.  

A HNTSM controller is proposed. At the same 

time, a torque distribution strategy and a 

hierarchical fault-tolerant controller are proposed. 

Then, simulation experiments are performed on 

three fault-tolerant strategies.  

The experimental results show that the three 

fault-tolerant strategies proposed in this study have 

high feasibility and optimality, which can be applied 

to drive fault-tolerant control of four-wheel drive 

electric vehicles and can greatly improve the 

stability and safety of the vehicles.  

However, there are some shortcomings in this 

study. Although the above three fault-tolerant 

strategies are effective, they cannot achieve 

completely accurate vehicle control, and there are 

still some errors. Therefore, in the subsequent study, 

it is necessary to improve the control strategy and 

consider combining various control strategies to 

improve the stability and safety of the vehicles. 
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