
Abstract—A fault-tolerant control approach, tailored for 
distributed-drive electric vehicles and centered around optimal 
torque allocation, is introduced. This method is specifically 
designed to address single or dual hub motor failures under 
diverse operational conditions and failure scenarios, including 
high-speed cornering and accelerated straight-line driving. The 
proposed method employs a hierarchical architecture, where the 
upper-level controller utilizes a sliding mode control method to 
compute the necessary driving torque and adjust the yaw 
moment in accordance with the driver's inputs and the vehicle's 
instantaneous operational status. This ensures the vehicle's 
stability while simultaneously maintaining the slip rate of each 
wheel within permissible limits. The lower-level controller 
utilizes the quadratic programming method to allocate the 
driving torque and the adjusted yaw moment, necessary for 
maintaining stable vehicle operation, among the four motors. 
Leveraging the over-actuated nature of distributed-drive 
electric vehicles, a fault-tolerant control strategy is introduced 
that considers three pivotal factors: axle load transfer, motor 
output constraints, and road surface adhesion conditions. This 
strategy aims to enhance vehicle stability by optimizing the 
distribution of the remaining tire force. To validate its 
effectiveness, simulation experiments are conducted across a 
range of operational scenarios, and the results confirm the 
utility of the proposed fault-tolerant control method. 
 

Index Terms—Distributed drive electric vehicles, Drive force 
distribution, Hub motor failure, Handling stability 

I. INTRODUCTION 

istributed-drive electric vehicles have attracted a lot 
of attention in electric vehicle research because of its 

high transmission efficiency, four-wheel independent 
controllability, and drive system redundancy [1-4]. 

However, as an over-actuated system, distributed-drive 
electric vehicles exhibit high system complexity, 

interconnected subsystems, and numerous actuators, which 
elevate the risk of subsystem failures [5-8]. Consequently, 
research into fault-tolerant control for distributed-drive 
electric vehicles is paramount for enhancing overall vehicle 
safety and stability. 

The term "distributed-drive electric vehicle drive fault-
tolerant control" pertains to a control strategy where, in the 
event of failure of one or more drive motors within the drive-
by-wire chassis drive system, the remaining drive motors are 
effectively redistributed to guarantee the vehicle's driving 
stability and safety, as described in [9, 10]. The fault-tolerant 
control strategies for addressing failures in distributed-drive 
electric vehicles can be categorized into passive fault-tolerant 
control and active fault-tolerant control, as detailed in [11-13]. 
Passive fault-tolerant control primarily targets specific types 
of failures. In the event of a system failure in a vehicle, this 
approach does not necessitate failure information. Instead, it 
relies on predefined logic rules to ensure that the rule-based 
control strategy remains robust against the failure. To ensure 
system stability and acceptable tracking performance, 
ZHANG et al. [14] investigated the path tracking challenge 
for an electric vehicle equipped with four drive motors, 
considering both normal and defective operational conditions. 
They accomplished this by creating a passive fault-tolerant 
controller utilizing variable structure control, which 
incorporated considerations for certain actuator faults and 
wheel-slip limitations. Within the torque distribution 
controller, a novel adaptive directional tire force distribution 
method was introduced to fulfill the control tasks of the upper 
controller. Additionally, CHEN et al. [15] put forward a 
passive fault-tolerant path-tracking control approach 
designed to autonomously address steering system faults in 
distributed-drive electric vehicles. However, the passive 
fault-tolerant control approach has limitations in 
accommodating a broader range of fault types in over-
actuated systems with numerous potential faults, and 
optimizing its fault-tolerant effectiveness can be challenging. 
To ensure the vehicle reaches a safe state and maintains stable 
driving, active fault-tolerant control can actively mitigate or 
reduce motor faults, adjust the fault-tolerant controller's 
parameters in real-time, and adopt a more suitable control 
strategy tailored to various fault conditions. ZHANG et al. 
[16] tackled the challenge of tracking control in a four-wheel 
drive electric vehicle amidst actuator faults and disturbances 
by developing a composite observer. This observer was 
capable of simultaneously estimating the state of the drive 
system and the disturbances, reconstructing the fault 
efficiency factor, and performing self-adaptive tuning of the 
controller parameters. These capabilities were aimed at 
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enhancing tracking performance and robustness. ZHANG et 
al. [17] introduced a fault diagnosis and active fault-tolerant 
control approach that integrates active front steering (AFS) 
with direct yaw moment control (DYC). Experimental results 
demonstrate that this proposed method offers superior active 
safety while also improving path tracking capability in 
comparison to other strategies. TANG et al. [18] put forward 
a perturbation-resistant active fault-tolerant control method. 
This method employs a mismatched nonlinear perturbation 
observer to estimate perturbations and compensate for 
modeling errors. Furthermore, they designed an adaptive 
sliding mode fault-tolerant control strategy, which 
incorporates the estimated perturbation information into the 
control rate. This incorporation aims to enhance the overall 
control performance. MA et al. [19] introduced an integrated 
actuator fault model that encompasses not only efficiency loss 
faults but also additional bias faults. This model is designed 
to address actuator faults, time delays, modeling 
nonlinearities, and external perturbations. The ultimate goal 
is to enhance the lateral stability and driving active safety of 
electric vehicles. ZHAO et al. [20] tackled the issue of 
driving stability in the event of single-wheel steering failure. 
They examined the impact of active rear-wheel steering on 
vehicle body stability, utilizing a monorail model with 
additional rear-wheel steering as the steady-state reference 
model. Based on this, they proposed a hierarchical control 
method for distributing and reconfiguring tire force. GUO et 
al. [21] developed an active fault-tolerant control system 
based on the Takagi-Sugeno fuzzy model for the robust lateral 
control of an autonomous four-wheel independently driven 
electric vehicle. This system considers the sway effect and 
actuator failure, specifically focusing on a single hub motor 
failure. While the studies mentioned above primarily 
concentrate on fault-tolerant control in the context of a single 
actuator failure, in distributed-drive electric car over-
constraint systems, multiple actuators can fail and are 
interconnected. Consequently, when multiple actuators fail, 
fault-tolerant control that only addresses a single actuator 
may lead to failure due to the coupling effect between the 
actuators. 

In response to the challenges outlined earlier, several 
researchers have carried out relevant research. ZHANG et al. 
[22] proposed a fault-tolerant control strategy that 
incorporates multi-method switching. They constructed a 
control method switching rule by thoroughly analyzing the 
applicable conditions of various control methods and the 
impact of application events on the steering system. This 
strategy not only enhances dynamics and stability in the event 
of drive motor failure but also significantly improves the 
efficiency of executing the control strategy. LI et al. [23] 
introduced a fault-tolerant control method that relies on 
differential steering and drive torque allocation. This method 
addresses the trajectory tracking problem in a wire-controlled 
steering system and hub motor when multiple actuators fail 
simultaneously. They conducted simulation experiments to 
evaluate the performance of their method in scenarios 
involving both single actuator failure and simultaneous 
failure of multiple actuators. The results confirmed the 
validity of their fault-tolerant control method. ZHOU et al. 
[24] presented a novel diagnostic approach for automobile 
drive systems that utilizes on-board sensor inputs and the 

traceless Kalman filtering method. This approach is 
specifically designed for detecting same-side wheel failure 
during cornering. Based on the identified fault information, 
they developed a fault-tolerant control method employing the 
barrier Lyapunov function. This method ensures vehicle 
stability even in the event of wheel torque failure by placing 
constraints on the vehicle's transverse swing rate and lateral 
velocity. Furthermore, they refined the existing transverse 
swing fault-tolerant control method by tracking the transverse 
swing rate and lateral velocity, addressing the inherent 
instability risks associated with it. LU et al. [25] introduced a 
novel robust fault estimator-based Stochastic Model 
Predictive Control (SMPC) system specifically designed for 
distributed drive electric vehicles facing single or double 
wheel failure issues. This system incorporates a fault 
estimator to ensure that the lateral motion of the vehicle is 
controlled and that it tracks the desired longitudinal speed. 
Additionally, the system accounts for the estimation error of 
the motor failure degree. Compared to traditional control 
systems, the improved SMPC system demonstrates a 
significantly faster response time. 

Indeed, the majority of the experiments mentioned 
previously have focused on regular road conditions, such as 
steering or straight-line driving, with limited exploration into 
active fault-tolerant control under extreme operating 
scenarios like high-speed steering or abrupt acceleration with 
motor failures. To tackle the challenge of multi-actuator 
failure in distributed-drive electric vehicles across various 
operating situations, this research proposes a stability control 
technique. Specifically, the objective is to introduce a 
stability management approach that can effectively address 
multi-actuator failure in distributed drive electric vehicles, 
ensuring robust performance under a wide range of driving 
conditions. 

 The stability control technique includes: (1) instability 
judgement module: determine the vehicle's instability and 
select a suitable control mode; (2) Upper controller, which 
includes a speed following controller, a yaw moment 
controller, and a slip rate controller, calculates driving torque 
and adjusts the yaw moment required for the vehicle's stable 
operation based on the driver's instructions and the current 
vehicle operation status, while also ensuring that the slip rate 
of each wheel does not exceed the limit value; (3) Lower level 
controller: the driving torque and the adjustment of the yaw 
moment required for the stable operation of the vehicle are 
allocated to the four motors, and the torque allocation method 
of optimal allocation is applied to improve the stability of the 
vehicle; then, CarSim is used to establish the model of the 
whole vehicle, and Matlab/Simulink is used to establish the 
model of the stability control strategy and the model of the 
powertrain, and then joint simulation is carried out to validate 
the stability control strategy. Finally, the effectiveness of the 
method is verified by Matlab/Simulink and CarSim joint 
simulation. 

II. DYNAMIC MODELLING OF DISTRIBUTED DRIVE 

ELECTRIC VEHICLES 

Vehicle dynamics models are critical in the investigation of 
post-failure methods for distributed drive vehicle actuators. 
To this purpose, the vehicle's two-degree-of-freedom 
reference model, body model, and hub motor model are built 
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to aid future study. Meanwhile, the hub motor specifications 
are matched to the electric vehicle's dynamic performance 
index. Finally, the distributed-drive electric vehicle dynamics 
model is developed in collaboration with Carsim. 

A. Vehicle two-degree-of-freedom reference model 

A basic two-degree-of-freedom linear model was 
employed to study the vehicle's post-failure driving stability 
[26]. The two-degree-of-freedom reference model is built, as 
shown in Fig 1, which leads to the determination of the 
desired yaw rate and mass center side slip angle, as indicated 
in (1) [27]. 
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Fig 1.  Two degree of freedom reference model 

The differential equations for the lateral and transverse 
motion of the vehicle can be expressed as 
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where, m represents the vehicle mass, a and b represent the 
distance between the vehicle's center of mass and the front 
and rear axles, Iz represents the vehicle's swing moment of 
inertia, v represents the vehicle's longitudinal speed, ω and β 
represent the vehicle's yaw rate and side slip angle of the mass 
center, kf and kr represent the stiffness of the front and rear 
axles' lateral deflection, and Fy1, Fy2 represents the lateral 
force of the wheels. 

The steady-state steering characteristics are used as a 
characterization of vehicle stability [28]. At this point, ω̇=0, 
β̇=0  substituting into (1) yields the expected values of the 
yaw rate and the side slip angle of mass center, i.e. 

Steady-state steering characteristics are used to assess 
vehicle stability [28,29]. Substituting ω̇=0 and β̇=0 into (1) 
produces the predicted values of the yaw rate and side slip 
angle of the mass center, respectively. 
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where, K is a stability index that represents the vehicle's 
stability response parameters. 

To avoid an excessive side slip angle of mass center, which 
causes the vehicle to slip sideways and increases the 
likelihood of instability, the side slip angle of mass center is 

assumed to be zero [30]. Thus, the projected yaw rate and side 
slip angle of mass center are, correspondingly. 
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B. Body Models 

To develop the related drive force distribution management 
technique and analyze the force situation while driving, the 
body model illustrated in Fig 2 is built, and the expression 
between the four-wheel drive force and the additional yaw 
moment is obtained as 

1 2 3 4( )cos ( )
2 2x x f x x

c c
F F F F M             (5) 

where, Fx1 , 𝐹௫ଶ  and Fx3  are the driving forces generated 
by the four hub motors, M is the additional yaw moment 
acting on the body, and is the wheelbase. 
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Fig 2.  Body rigid body model 

Changing the front wheel angle can affect the vehicle's 
motion state in the direction of the transverse yaw rate, as 
shown in (1) and (5). The relationship between the yaw rate 
and the additional front wheel angle δf

'  is 
2 2
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C. Hub Motor Models 

Hub motors are employed as power units in distributed 
drive electric vehicles, and their properties have a direct 
impact on the driving performance of these vehicles. To 
improve the dynamics of hub motors, the vectorial approach 
is employed to directly adjust motor output torque [31]. 

A dynamic model can be obtained based on the motor's 
working principle: 

d
e L

d
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
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Fig 3.  Overall structure of the drive motor failure fault-tolerant control strategy 

where, Te is the load torque, TL is the driving torque, J is 
the motor moment of inertia, and ωd is the angular velocity. 

When the drive motor fails, the motor's actual output 
torque differs from the required torque. To identify the faulty 
motor from the non-faulty motor, a fault factor is added to 
express the relationship between the motor output torque and 
the desired torque: 

(0 0)xi
i i

xi

T

T
 


             (8) 

where, 𝜆௜ is the failure factor, λi=0 indicating a full failure 
of the hub motor and 0<λi<1 indicates a partial failure of the 
drive motor. Txi  and Txi

'   (i=1-4) indicate the required and 
output torques of the four hub motors, respectively. 

When combined with the hub motor's output capacity, the 
drive's achievable range can be written as 

maxmin
i xi i

TT
F

R R
              (9) 

where, Tmin  and Tmax  are the minimum and maximum 
torques, signifying the motor's minimum and maximum 
output; R is the tire's effective radius respectively. 

III. DRIVING FORCE DISTRIBUTION CONTROL STRATEGY 

Control architectures are developed for four-wheel normal 
hub motor drive force distribution and faulty hub motor drive 
force distribution, respectively, to ensure the safe and stable 
operation of distributed-drive electric cars in the event of 
single-motor or dual-motor failures. First, using the deviation 
of the traveling speed, the PID controller is designed to 
determine the total longitudinal force F. This is then 
combined with the yaw rate ω and the side slip angle of the 
mass center β. The controller is then designed Mω and Mβ 
constructed to obtain the additional yaw moment M with the 
weighting module. Second, at the allocation layer, the 
objective function and restrictions are employed to create the 
optimal allocation mathematical model, and the solution is 
optimized using quadratic programming.  Among them, if 
the drive motor fails and is limited by the motor's output 
capacity on the same side, preventing the car from continuing 
on the planned trajectory, cooperative front wheel steering is 

used to preserve the vehicle's safe and stable driving. The 
overall control strategy structure diagram is shown in Fig 3. 

A. Design of yaw moment controller 

The yaw moment controller's objective is to ensure that the 
side slip angle of the vehicle's mass center changes within a 
small range while keeping the yaw rate as close to the target 
value as possible. At the same time, there is a coupling 
relationship between the two, and it is difficult to create a 
satisfactory control effect by tracking only the intended yaw 
rate and the mass center's side slip angle, therefore the control 
variables must be weighted. 
1) Mω controller design based on yaw rate 

When the mass center's side slip angle is minimal, the 
difference between the actual and target yaw rate values 
should be kept to a minimum in order for the vehicle to 
effectively follow the driver's steering demand. In this study, 
the sliding mode theory is employed to construct the 
controller, specifying the deviation and the sliding mode 
surface. 
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              (11) 
To approximate the slip mode surface, an exponential 

convergence rate is used. 

1 1sgn( )s k s s            (12) 

where, ε1  and k1  are the exponential convergence rate 
coefficients, ε1>0 and k1>0. 

Combining (9) and (10) yields 

1 1
1

[ sgn( ) ]zI
M X k s s
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2) Controller design based on side slip angle of mass 
center 

When the side slip angle of mass center is too large, the 
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driver will be unable to manage the vehicle's swing direction 
movement through the steering wheel, and the vehicle will be 
unstable or even dangerous to operate. Therefore, the side slip 
angle of mass center should be reduced.  

The phase plane β-β̇  separates the vehicle's stable and 
unstable domains [32-34]. To maintain stability, the deviation 

eβ=
1

24
β̇+

4

24
β  is determined using phase plane theory. The 

sliding mode surface is described as 

2s c e         (14) 

where, c2 is the coefficient of deviation of side slip angle of 
mass center, c2>0. 

Substituting (1) into (12) yields 
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Similarly, the exponential convergence rate coefficients are 
chosen, i.e. 

2 2sgn( )s k s s            (16) 

where, ε2 , k2  are the exponential convergence rate 
coefficients, and ε2>0, k2>0. 

Meanwhile, the joint (13) and (14) can be obtained as 
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3) Stability analysis of sliding mode control 
Define the Lyapunov function as 

21
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Stability analysis of a Mω controller based on yaw rate: 
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Stability analysis of the Mβ controller based on the side 
slip angle of mass center: 
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since k1  and k2  are bigger than zero, ε1  and ε2  are 
greater than zero, indicating that the system is stable 
according to the Lyapunov stability condition (V̇≤0). 
4) Weighted design of yaw moment 

Before weighting the yaw moment control quantity, the 
switching function is sgn(s), which has discontinuity 
characteristics and produces jitter array when switching up 
and down the sliding mode surface; therefore, the saturation 
function is chosen to replace the sign function: 
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The slip mode thickness, denoted by φ, s is represented by sω 
and sβ respectively. 

Coupling between yaw rate and side slip angle of the mass 
center. Thus, this paper combines the relevant phase plane 
theory to design the weighted control module. When the 
vehicle is in the stable domain, tracking the yaw rate meets 

path requirements. When it is between the stable and 
dangerous domains, the Mβ  controller intervenes to avoid 
dangerous control domains. When it is in the dangerous 
domain, the Mβ control domain is used to restore stability 
first. Let ρ be the weight coefficient of Mω, where ρ < 1. 
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Ultimately, an expression for the weighted yaw moment is 
obtained: 

(1 )M M M                 (23) 

B. Vehicle speed following controller design 

Vehicle speed is an important characteristic in vehicle drive 
control since it characterizes vehicle dynamics and is directly 
managed by the driver, who constantly wants to be able to 
track the vehicle speed while driving. As a result, the desired 
speed can be determined based on the driver's accelerator 
pedal travel, the total longitudinal force can be calculated 
based on the actual and desired speeds, and the optimal torque 
can then be distributed to each actuator in conjunction with 
the lateral tracking control module. 

To simplify the complexity of the vehicle control system 
and increase its dependability, a PID controller solves and 
calculates the total longitudinal force using the mathematical 
expression: 
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where, e(t) is the deviation of the actual speed from the 
desired speed, i.e., e(t)=v-vd ; KP , KI , and KD  are the 
proportional, integral, and differential coefficients in the PID 
controller, respectively. 

C. Drive distribution control 

1) Drive force distribution control under normal 
operation of drive motors 

The primary moments of the drive force allocation 
calculate the total longitudinal force and yaw moment 
requirement, as well as the optimization target of the control 
volume given to the four drive motors, while keeping the 
various limitations in mind. When the vehicle is driving 
normally, the lateral force created in the tire is one of the 
primary sources of instability, hence the lateral margin is 
employed as the optimization objective function: 
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while driving; here, the equation constraints are the yaw 
moment and longitudinal force demand, and at the same time, 
constraints such as the drive motor capacity and road surface 
attachment conditions must be considered, which can be 
combined to obtain the constraints R1. 
where, u is the tire pavement adhesion coefficient; Fzi(i=1-4) 
is the vertical pavement load. 
2) Drive distribution control in case of drive motor failure 

Since the control allocation under normal drive is solved 
based on rigid equation constraints, no feasible solution may 
occur when the drive motor fails or the drive force is saturated 
[35], therefore, the optimization objective function under 
drive motor drive is set up to relax the mandatory and 
constraints of the equation, and transform it into an objective 
to satisfy the vehicle's transverse stability and dynamics as 
much as possible; then, the drive motor is taken into 
consideration capacity constraints, attachment conditions and 
other inequality constraints, and then achieve the optimal 
solution of the four-wheel drive force. 

Therefore, the mathematical model of optimal drive force 
allocation under drive motor failure can be expressed as a 
relation containing the optimization objective function J2 
and constraints R2: 

2 2
min ( )J Bu y            (27) 

maxmin

2
2 2 2 2

:

( ) ( )

i xi i

xi yi xi xi yi

TT
F

R RR

F F F F F

 

 

    

    

   (28) 

where, ω is the longitudinal force and yaw moment weight 
coefficient matrix; y and B are the coefficient matrix and state 
matrix for (26), respectively. 

         y F M              (29) 

cos cos 1 1

cos cos
2 2 2 2

f f

f f

B c c c c

 

 

 
 
  
 

      (30) 

The control variable is the driving force of the four wheels: 

 1 2 3 4

T
u F F F F       (31) 

3) Cooperative front wheel steering distribution control 
under drive motor failure 

When the drive motor fails, the drive force redistribution 
causes a rise in the driving force of the wheel on the same side 
as the failure, especially if the actuator is over-actuated and 
driven to attain its highest torque output. The motor will burn 
out in a short period of time, reducing the torque output; and 
because the drive motor is over-actuated, it cannot generate 
enough yaw moment solely through drive force distribution, 
and the wheel will deviate from the expected trajectory; thus, 
when the drive motor reaches its output limit, it is considered 
to be controlled by distribution in coordination with front 
wheel steering. 

Let Mω
' =Mω-akf · δf

'  , then we have 
2 2

f r f r f
f

z z z z

ak bk a k b k ak M

I I I I
   

  
       (32) 

Similarly, the sliding mode function is designed using the 
exponential convergence rate, and the weighting module is 
utilized to calculate the additional yaw moment: 

   (1 )M M M                (33) 

Similarly, (32) is relaxed to remove the slack constraints 

and transformed into (34) with the control objectives of 
transverse stability and dynamics, and integrates the drive 
motor capacity, front wheel angle additional range, and road 
surface attachment inequality constraints, allowing for the 
optimal solution of the four-wheel drive force and front wheel 
steering angle. The improved goal function J2

'   and 
constraints 𝑅ଶ

ᇱ   of the synergistic front-wheel steering 
distribution controller under drive motor failure are as 
follows 

2 2
min ( )J B u y             (34) 

maxmin

2 min max

2 2 2 2

:

( ) ( )

i xi i

f xi f

xi yi xi xi yi

TT
F

R R
R F

F F F F F

 

 

 

    


   

    


 (35) 

where, y' and B' are the coefficient and state matrices for 
(33), respectively. 

[ ]y F M        (36) 

 
cos cos 1 1 0

cos cos
2 2 2 2

f f

f f f

B c c c c
ak

 

 

  
  
    
 

   (37) 

The control variables are the drive force of the 4 wheels 
and the additional steering angle of the front wheels: 

1 2 3 4[ ]fu F F F F           (38) 

D. Optimal allocation solving based on quadratic 
programming 

Distributed drive electric vehicle drive allocation methods 
are fundamentally optimization problems with constraints, 
and the quadratic programming optimization solution 
approach is used here, which is well handled and fits the drive 
allocation application criteria. The quadratic programming-
based relationship expression is 

      

1
min

2
T T

eq eq

b b

x Hx f x

Ax B

A x B

l x u

 
 
 


 

        (39) 

where, H is the real symmetric matrix after the processing of 
the optimal objective function; f is the vector of primary terms 
in quadratic programming; A and B are the coefficient 
matrices and the column vectors at the right end of the 
inequality constraints, respectively; Aeq  and Beq  are the 
coefficient matrices and the column vectors at the right end 
of the equilibrium constraints, respectively; and lb  and ub 
are the lower limit and upper limit constraints on the control 
volume, respectively. 

IV. SIMULATION VERIFICATION 

To test the effectiveness of the driving force distribution 
control strategy proposed in this paper, a joint simulation 
model is created, and simulation analysis is performed using 
Carsim and Simulink, with Carsim providing the vehicle 
dynamics model, control strategy, and optimized distribution 
algorithm implemented in Simulink. Meanwhile, to better 
compare the simulation effect, the method of distributing the 
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total driving force to four wheels is defined as average 
distribution, and the distribution method built using the above 
strategy is defined as optimized distribution, which is 
compared to different working conditions to verify the control 
effect of optimized distribution. 

TABLE І 
EXPERIMENTAL PARAMETERS 

Name Value Name Value 

The vehicle mass 
m /kg 

1765 Tread (on tire) c /m 1.48 

Vehicle yaw moment of 
inertia Iz /(kg·m2) 

2700 

Front and rear axle 
Front axle lateral 
deflection stiffness kf 

/(N·rad-1) 

150000 

Distance of the center 
of mass from the front 
axle a /m 

1.20 
Rear axle lateral 
deflection stiffness kr 

/(N·rad-1) 
150000 

Distance of the center 
of mass from the rear 
axle b /m 

1.40 
Maximum motor 
output torque T /(N·m) 

1000 

A. Driving simulation analysis of left front wheel failure 
during cornering driving 

When the left front wheel is completely disabled at 4s, the 
vehicle speed is set to 90km/h, the road adhesion coefficient 
is 0.85, and a sinusoidal cornering angle with an amplitude of 
45° is applied to the steering wheel at 3s with a period of 4s 
to simulate the cornering driving condition. Fig 4 – Fig 8 
illustrate the simulation results of the vehicle reaction without 
control and with optimum distribution control.  

 

Fig 4.  Side slip angle of mass center curve 

Fig 4 depicts the curve of the vehicle's side slip angle at the 
mass center under no control and optimally assigned control. 
The side slip angle of mass center increases in the third 
second of steering; in the fourth second, due to the complete 
failure of the left front wheel, the magnitude of the change of 
the optimized distribution angle is obviously smaller than that 
of the curve in the uncontrolled condition; at 7s, when the 
steering wheel is set to 0, the optimized distribution control 
of the side slip angle of mass center also returns to normal 
quickly, making the vehicle more stable. 

 

Fig 5.  Yaw rate curve 

 

Fig 6.  Four-wheel torque variation curve 

Fig 5 and Fig 6 show that the failure of the outer motor 
during the right turn of the vehicle causes the vehicle to 
understeer, and during the left turn of the vehicle, the faulty 
motor changes to the inner side, causing the motor to 
oversteer, and in order to reduce the error of the yaw rate, the 
drive motors become over-saturated, so the active steering 
strategy is used to reduce the error value.  

 

Fig 7.  Vehicle speeds change curve 
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Fig 7 demonstrates that the left front wheel fails entirely at 
the fourth second under the fault-tolerant controller. This 
illustrates that the optimized vehicle speed changes are lower 
and cornering driving is more stable, which ensures the 
vehicle's safety in the event of a cornering driving failure. 

B. Simulation analysis of left front wheel and right rear 
wheel faults during cornering driving 

The vehicle speed is set to 90 km/h, the road adhesion 
coefficient is 0.85, and a sinusoidal cornering angle with an 
amplitude of 45° is applied to the steering wheel at 3 s with a 
period of a fourth of a second to simulate the cornering 
driving condition. The figures illustrate the simulation results 
for the vehicle's reaction when there is no control in place, as 
well as when optimal distribution control is employed. 

Fig 8 illustrates the four-wheel drive vehicle in the two-
wheel failure conditions of the side slip angle of mass center 
during the simulation process. It can be observed that the 
vehicle subsequently assumes a negative value with respect 
to the right turn, exhibiting a notable reduction in amplitude 
and failing to achieve the anticipated steering effect, which in 
turn affects the stability of the vehicle when cornering. 

 

Fig 8.  Side slip angle of mass center curve 

 

Fig 9.  Yaw rate curve 

From Fig 9 and Fig 10, it can be seen that in the simulation 
process, the opposite side of the motor failure after the no 
control process will produce the transverse swing angular 

velocity and its instability, resulting in error. By optimizing 
the allocation method, it can control the left and right side 
wheel drive torque to achieve the vehicle's lateral tracking 
ability. At the same time, the center of mass lateral deflection 
angle remains consistent, considerably improving the 
vehicle's stability. 

 

Fig 10.  Four-wheel torque variation curve 

 

Fig 11.  Vehicle speeds change curve 

C. Simulation analysis of left front wheel and right rear 
wheel failure during straight line accelerated driving 

When the vehicle is in a state of uninterrupted motion in a 
straight line, the longitudinal speed is increased from 54km/h 
to 90km/h. The road surface adhesion coefficient is 0.85, the 
left front wheel is rendered completely inoperable at 4s, and 
the right rear wheel is completely disabled at 7s. The figure 
below depicts the comparative effect of the vehicle's response 
under the control of the fault-tolerant controller. 

Fig 13 and Fig 14 illustrate that the motor failure 4s and 7s 
results in a deviation from the desired trajectory. Additionally, 
the motor on the same side of the failure increases the torque 
output, which in turn causes an increase in the yaw rate and 
side angle. The side angle of mass center slip angle rapidly 
approaches the desired value due to the setting of the slip 
mould thickness at 0.1. The yaw rate error values remain 
within the limitations of the transverse pendulum moment 
equation, enabling the vehicle to maintain the target speed 
with minimal change in dynamics. 
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Fig 12.  Side slip angle of mass center curve 

 

Fig 13.  Yaw rate curve 

 

Fig 14.  Four-wheel torque variation curve 

Fig 15 depicts the change curve of vehicle speed under this 
circumstance, demonstrating that the vehicle speed is closer 
to the target value after fault-tolerant control, and the vehicle 
travels more steadily. Because this study does not 
compromise dynamics in order to improve safety and stability, 
but instead use coordinated control to boost lateral force and 
swing moment, the vehicle speeds are all around the intended 
level. The simulation results suggest that this distribution 

 

Fig 15.  Vehicle speeds change curve 

approach can assure the vehicle's safety, stability, and 
dynamic performance. 

V. CONCLUSION 

(1) An upper-level controller, which incorporates a yaw 
moment controller and a vehicle speed following controller, 
is designed to calculate the driving torque required for stable 
vehicle driving and adjust the yaw moment output to the 
lower-level controller. Additionally, a lower-level torque 
distribution controller is included, which considers the hub 
motor's failure-tolerant control for torque redistribution. 

(2) This paper presents a torque distribution approach that 
takes into account axle load transfer, motor output limitation 
and road surface adhesion conditions. The results 
demonstrate that effective fault-tolerant control may be 
executed independently of single or dual wheel failure in 
high-speed cornering or dual-wheel failure in accelerating in 
a straight line, thus enabling reasonable torque distribution 
following hub motor failure under the constrained operational 
conditions. The system maintains a favorable side slip angle 
of mass center and yaw rate, thus ensuring the stability of the 
vehicle. Conversely, the system is designed to maintain the 
vehicle's speed following the loss of drive motors, thereby 
ensuring the vehicle's dynamic stability. 

(3) Simulation and verification testing were conducted 
under high-speed cornering and accelerated straight-line 
driving scenarios using the Matlab/Simulink and CarSim 
joint simulation platforms. The proposed fault-tolerant 
control methodology has been shown to enhance the vehicle's 
stability and safety in the event of failure under high 
operating conditions, in both single-hub and dual-hub motor 
failure scenarios. 
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