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Abstract:This study aims to improve the lateral stability of Distributed Drive Electric 
Vehicles (DDEV) under complex driving conditions by adopting a hierarchical lateral 
stability control architecture. The upper level is the torque decision layer. A sliding 
mode controller with an additional yaw moment, optimized using the particle swarm 
optimization algorithm, is designed with the vehicle dynamics model as the reference 
framework.Ideal reference values for the yaw angular velocity and the center-of-mass 
side slip angle are determined based on the maximum road adhesion limit.The lower-
level torque distribution layer employs a controller designed with the objective of 
minimizing the tire load factor, taking into account both the motor output limit and road 
adhesion constraints. Based on this framework, a quadratic programming-based four-
wheel torque optimal distribution strategy is developed to achieve precise allocation of 
the additional yaw torque. The proposed control algorithm is validated through 
simulations on the combined CarSim and MATLAB/Simulink platform, under various 
road adhesion conditions and across two typical driving scenarios: dual lane-changing 
and serpentine driving. The results demonstrate that, when compared to the standalone 
SMC and the no-control baseline, the designed direct yaw moment controller and torque 
distribution algorithm exhibit high stability and outperform the SMC across all 
adhesion conditions. Furthermore, experimental validation of the lateral stability 
control algorithm is conducted on a HIL test platform. By comparing the tracking 
performance of the actual controlled values of yaw rate and center-of-mass sideslip 
angle against their ideal reference values, the control accuracy, real-time performance, 
and robustness of the controller are verified. 

Keywords:Distributed drive electric vehicles, Lateral stability, Sliding mode control 
optimization, Four-Wheel torque distribution  



1. Introduction 

Distributed drive electric vehicles (DDEV), which represent a key development 
direction in the new energy vehicle industry, have attracted extensive attention 
worldwide. Driven by the “dual-carbon” goals and supportive national policies, the 
electric vehicle industry is accelerating its transition toward electrification and 
intelligent development [1]. By employing wheel-side or in-wheel motors to drive and 
control each wheel independently, DDEV exhibit a high degree of control freedom, 
rapid dynamic response, and a compact chassis layout, making them an ideal platform 
for implementing advanced vehicle dynamics control. Compared with traditional 
centralized-drive vehicles, DDEV not only eliminate complex mechanical transmission 
systems, thereby improving energy transmission efficiency, but also achieve a high 
level of chassis integration and decoupling through by-wire technologies [2]. This 
architecture enables precise regulation of the driving torque at each wheel, thus 
providing superior handling stability and safety under extreme driving maneuvers. 
Lateral stability is a core indicator of driving safety. Under critical conditions such as 
high-speed obstacle avoidance and cornering on low-adhesion roads, vehicles are 
highly susceptible to instability phenomena such as sideslip and spin-out [3]. Therefore, 
developing efficient and robust lateral stability control strategies is of both theoretical 
significance and engineering value for fully exploiting the dynamic potential of DDEV 
and ensuring occupant safety [4]. 

In the field of lateral stability control, various classical and advanced control 
methods have been proposed, mainly including proportional-integral-derivative (PID) 
control [5], linear quadratic regulator (LQR) [6], sliding mode control (SMC) [7], and 
model predictive control (MPC) [8]. Yan et al. [9] proposed a hierarchical direct yaw-
moment control strategy in which the PID parameters were tuned by particle swarm 
optimization (PSO). By combining upper-level PID decision-making with lower-level 
torque allocation based on load estimation, the strategy effectively improved handling 
stability on low-adhesion roads. Ren et al. [10] developed an improved LQR-based yaw 
stability control method that considers road adhesion limits; by switching the reference 
model according to the linear and nonlinear tire operating regions, the method was 
validated through simulations with a seven-degree-of-freedom vehicle model, 
demonstrating effective regulation of the yaw rate and sideslip angle. Tota et al. [11] 
proposed an integral sliding mode controller and, through comparative validation 
against a conventional LQR, showed that it could effectively improve yaw damping 
performance and yaw rate tracking accuracy. Zhang et al. [12] designed a hierarchical 
direct yaw-moment control strategy, in which the upper layer combined feedforward 
compensation with an improved sliding mode controller to achieve accurate yaw rate 



tracking, while the lower layer optimized the tire utilization ratio using quadratic 
programming (QP). Real-vehicle tests confirmed that this method significantly reduced 
tracking deviations and improved handling stability. Zhai et al. [13] proposed an 
integrated control strategy based on adaptive preview and MPC. Through multi-
objective optimization, the front-wheel steering angle and additional yaw moment were 
solved cooperatively, and optimal four-wheel torque distribution was realized in 
combination with SMC, significantly improving path tracking accuracy and handling 
stability of DDEV under high-speed conditions. Chen et al. [14] developed a hybrid 
MPC-based yaw stability control method for DDEV. By simplifying the Magic Formula 
tire model into piecewise linear functions, the computational burden was reduced, and 
the method tracked reference signals while constraining input signals to keep in-wheel 
motors operating within a high-efficiency region. 

To address the active safety control of DDEV under complex driving conditions, 
this paper proposes a hierarchical lateral stability control architecture. The upper-level 
controller uses a 2-degree-of-freedom (2-DOF) vehicle model as the reference, and 
determines the ideal reference values of yaw rate and sideslip angle by incorporating 
road adhesion limits. An additional yaw moment controller based on SMC is designed, 
and its control parameters are optimized by PSO. Furthermore, the phase plane method 
is introduced to quantitatively identify the vehicle stability state, allowing the final 
target yaw moment to be adaptively adjusted through weighting coefficients. The 
lower-level controller takes the minimization of the tire utilization ratio as the 
optimization objective; considering motor output limits and road adhesion constraints, 
an optimal four-wheel torque distribution strategy based on QP is designed to achieve 
accurate allocation of the additional yaw moment. 

2. Vehicle Dynamics Model 
2.1 7-DOF Vehicle Dynamics Model 

A distributed drive electric vehicle is a typical multi-degree-of-freedom (multi-
DOF) nonlinear complex system. Establishing a reasonable and accurate simplified 
model is essential for studying the lateral stability of DDEV. To balance algorithm real-
time performance and estimation accuracy, and to account for the coupling 
characteristics of tire longitudinal and lateral forces, this paper establishes a 7-DOF 
vehicle dynamics model. The model includes three rigid-body planar motion degrees 
of freedom (longitudinal, lateral, and yaw) and the rotational motion of the four wheels. 
It can reflect the influence of wheel slip characteristics on vehicle attitude more 
realistically while fully characterizing the nonlinear dynamic features of the vehicle 
[15]. Based on this model, the following assumptions are made: 



(1) The origin of the vehicle coordinate system coincides with the vehicle center 
of gravity (CG). 

(2) The vehicle is modeled as a rigid body with four independently controllable 
wheels, and the elastic deformation of the vehicle body is neglected. 

(3) The mechanical and steering characteristics of the four tires are identical. 
(4) The effects of vertical motion and suspension deformation on the vehicle 

dynamics are ignored. 
(5) The effects of aerodynamic drag and grade resistance on vehicle motion are 

not considered. 

FxflFyfl αfl

δfl 

Fxfrαfr

δfr 

Fyfr

Fxrl

Fyrl

αrl

Fxrr

αrr

Fyrr

Bfo xvx

vy

y

γ
Br

LfLr

L  

Fig. 1 7-DOF vehicle dynamics model 

The 7-DOF vehicle dynamics model is illustrated in Fig. 1. Let 𝑥𝑂𝑦 denote the 
vehicle coordinate system, where the 𝑥-axis and 𝑦-axis represent the longitudinal and 
lateral directions, respectively, with the positive directions aligned with vehicle motion. 
According to Newton’s second law, the equations of motion are expressed as follows: 

Longitudinal motion: 
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Lateral motion: 
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Yaw motion: 
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where �� and �� are the longitudinal and lateral velocities, respectively; �� and �� 
are the longitudinal and lateral accelerations, respectively; �	 is the moment of inertia 
about the z-axis; 
  is the yaw rate; �  is the yaw moment; ��
�  and ��
�  are the 
longitudinal and lateral forces of the corresponding wheel, respectively, where in the 
subscript ��, t he f irst c haracter  �/�  denotes the front/rear axle, and the second 
character �/�  denotes the left/right wheel; ��  and ��  are the distances from the 
center of gravity (CG) to the front and rear axles, respectively; ��  and ��  are the 
track widths of the front and rear axles, respectively; � is the full-vehicle mass; and ��� and ��� are the steering angles of the front-left and front-right wheels, respectively. 
2.2 Tire Model 

During vehicle motion, the driving, braking, and lateral forces are all transmitted 
through the tires, and the tires are also the direct actuators of torque distribution in 
lateral stability control. Therefore, the mathematical characteristics and dynamic 
behavior of tires have a significant influence on vehicle lateral stability control. 
Establishing an accurate tire model that captures the nonlinear characteristics of tire 
forces is a prerequisite for this study. In this paper, the Dug off nonlinear tire model is 
adopted. This analytical tire model requires only a few parameters and has a simple 
structure [16–17]. 
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where � is the slip ratio; �� is the longitudinal tire stiffness; �� is the lateral tire 
stiffness; � is the tire slip angle; � is the road adhesion coefficient;   is the speed 



influence factor used to describe the effect of slip speed on the tire force; and � is a 
nonlinear characteristic parameter used to describe tire slip. 
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The calculation formula for the wheel slip angle is expressed as follows: 
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Vertical tire force: 
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3. Controller Design 

3.1 2-DOF Dynamics Model 

To simplify computation and analysis, a 2-DOF vehicle dynamics model is 
established. Compared with complex multi-DOF models, the 2-DOF model can more 
intuitively and effectively capture the fundamental lateral and yaw dynamic 
characteristics of the vehicle while offering higher computational efficiency. The ideal 
sideslip angle and yaw rate calculated from this model are used as real-time references, 
helping the stability control system derive effective control actions. Therefore, this 
model is adopted as the ideal reference model, as shown in Fig. 2. 
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Fig. 2 2-DOF Vehicle Model 

In the 2-DOF vehicle model, the equilibrium equations for the lateral force and 
yaw moment are expressed as follows: 

 ( ) cosy x yf yrm v v r F F+ = +                     (10) 

 cosz yf yrI r F Fa b= −                       (11) 
where ��� is the resultant lateral force of the front wheels; and ��� is the resultant 
lateral force of the rear wheels. 

Under normal driving conditions, the front-wheel steering angle typically remains 
within a small range, during which the lateral forces of the front and rear wheels exhibit 
a linear relationship with the wheel slip angles. Considering only the steady-state 
cornering condition of the vehicle, the vehicle yaw rate remains constant, and the 
vehicle sideslip angle is also a constant value, satisfying �̇� = 0  and �̇ = 0. B y  
substituting these conditions into the above equations, the expressions for the ideal 
vehicle sideslip angle $% and the ideal yaw rate �% under steady state can be derived 
as follows: 
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where & is the stability factor of the vehicle and 2( ) r f
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The derivation of the above ideal parameters is based on the assumption of linear 
tire characteristics. When the vehicle is driven under limit conditions, the tire forces 
tend to saturate and enter the nonlinear operating region, where the linear tire model is 
no longer applicable. Moreover, in practice, the proportion of lateral acceleration 
allowed by road adhesion is typically taken as 85% [18]. Therefore, considering road 
adhesion utilization, the constrained ideal yaw rate and sideslip angle are expressed as: 



 d

x

g

v

                             (13) 

 
2 ( )d

x r

b ma
g

v k a b
 

 
 + + 

                    (14) 

In summary, the final outputs $% and �% of the 2-DOF vehicle reference model 
in this paper are determined as the minimum values between those under the 
aforementioned ideal state and those under the constraints of road adhesion conditions, 
which are expressed as follows: 
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3.2 Upper-Level Controller 

DDEV exhibit strong nonlinear characteristics during driving. Sliding mode 
control (SMC) is characterized by its discontinuous control action and possesses strong 
robustness against model uncertainties and external disturbances. Therefore, SMC is 
widely applied in the research of vehicle dynamics control. 

By substituting the additional yaw moment ∆�  into the aforementioned 
reference model, the equation is expressed as follows: 
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3.2.1 Yaw Rate Tracking SMC Design 

During the yaw rate tracking control, the yaw rate tracking error and its rate of 
change are defined as follows: 

 dre r r= −                            (16) 

 r de r r= −                            (17) 
Based on the aforementioned error variables, the sliding surface is designed as:  

 1r r rs e c e= +                           (18) 
where (�  is the yaw rate sliding mode variable; and )1  is the error weighting 
coefficient, which is greater than 0. 



In the sliding mode reaching phase, the exponential reaching law is adopted (̇� =− 1(,-(() − 01(, w here  −01(  represents the exponential reaching term, and the 
value of 01  determines the reaching rate of the system toward the sliding surface; − 1(,-(() represents the constant rate reaching term, which ensures that the system 
reaches the sliding surface within a finite time. 

Taking the derivative of the sliding surface yields: 
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By substituting the exponential reaching law into the aforementioned derivative of 
the sliding surface, and replacing the sign function (�1(⋅) with the saturation function (,-(⋅) to suppress chattering, the additional yaw moment control law is finally derived 
as follows: 
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3.2.2 Vehicle Sideslip Angle Tracking SMC Design 

To meet the requirements of the vehicle sideslip angle tracking control, the 
tracking error and its rate of change are defined as follows: 
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 de  = −                           (22) 
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Taking the derivative of the sliding surface yields: 

2

2

2 2

2

2

2

2

2

2 1

1

1 1

f r f r f r f

x x x x

f r f r f r f

d d

x z z x z

f r f r

x z x

k k k k ak bk k
s e c e c r

mV mV mV mV

ak bk ak bk a k b k ak
r c

mV I I V I

ak bk ak bkM M
Y c

mV I mV

  



 

   

  + + − = + = + − −   
   

 − − +  + − + − − −        
− −    

+ − = + −   
   





zI



    (24) 

The additional yaw moment is derived as follows: 
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The verification of Lyapunov stability is presented as follows: 

 1 1 1( sgn( ) ) 0r r r r rV ss s s s s k s= = = − −                 (26) 
Therefore, the designed control system satisfies the Lyapunov stability condition. 

The stability of the sideslip angle controller can be proved in the same manner, ensuring 
that the entire system reaches the sliding surface within a finite time. 

Since the parameter settings in the above equations are not unique, a particle 
swarm optimization (PSO) strategy is designed to determine the optimal control 
parameters. 

The parameter vector to be optimized is defined as 3 = [)1, )2,  1,  2, 01, 02]. The 
standard PSO algorithm is adopted for the optimization, and the process is as follows: 

(1) Initialization: Randomly generate � particles in the search space, where the 
position of each particle represents a parameter vector 3, and randomly initialize their 
velocities. 

(2) Evaluation: For each particle, substitute its corresponding parameters into the 
controller, and run the CarSim-Simulink co-simulation under the set driving conditions. 

(3) Update: Compare and update the historical best position 89:;< of each particle, 
as well as the global best position ,9:;< of the entire swarm. 

(4) Iteration: According to the velocity and position update formulas of PSO, 
iteratively update the entire particle swarm as follows: 
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where =  is the inertia weight; >1  and >2  are the learning factors; �1  and �2  are 
random numbers; � denotes the �-th particle; 0 is the current iteration number; �
? 
is the velocity of the �-th particle at the 0-th iteration; and 3
? is the position of the �-th particle at the 0-th iteration. 
3.3 Research on Phase Plane Stability Strategy 

As a classical graphical analysis tool for stability control, the phase plane method 
is widely used to study the state trajectory evolution of low-order linear and nonlinear 
systems because of its intuitive graphical representation. There are mainly two 



commonly used phase plane portraits: the $ − $̇  and $ − 
  phase plane portraits. 
When the driving speed of the vehicle changes, the stable region of its $ − 
 phase 
plane is greatly affected and varies significantly. Therefore, the $ − $̇  phase plane 
portrait is selected in this paper to evaluate the lateral stability of the driven vehicle. 

  

(a) $ − $̇ phase plane portrait (b) Phase plane stable region division 

Fig. 3 Phase plane portrait 

Based on road adhesion coefficients ranging from 0.1 to 0.8, this paper establishes 
a stability and boundary parameter table for the vehicle sideslip angle and its rate of 
change, which serves as the basis for subsequent stability evaluation, as shown in Tab.1. 

Tab.1 Stability domain boundary coefficients under road adhesion  

coefficients of 0.1~0.8 � 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 �1 5.122 5.974 6.811 7.634 8.092 8.510 8.907 9.281 �2 0.185 0.316 0.479 0.674 0.821 0.977 1.143 1.296 

To mitigate the intervention-induced chattering caused by applying the control 
strategy immediately after the stability state is evaluated, and to enhance the robustness 
of the stability evaluation near the phase plane boundaries, an asymptotically stable 
region is introduced between the traditional stable region and the unstable region, as 
shown in Fig. 3(b). A weighting coefficient @ is introduced to represent the width of 
the asymptotically stable region. Its boundary equation is given by: 

 1 2 1,  0B B   + =                     (28) 

Within the asymptotically stable region, assume there exists a point D($%, $̇%), 
where the total width of the stable region and the asymptotically stable region is A1, 
the width of the asymptotically stable region is A2, and the width from point D to the 
stable center boundary is A3. Accordingly, t he a symptotically s table r egion c an b e  



quantitatively defined, and the respective expressions are given as follows: 
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To achieve coordinated control within the asymptotically stable region, the 
adaptive adjustment coefficient Φ  for the asymptotically stable region is defined as 
follows: 
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Therefore, based on the partitioned boundaries of the $ − $̇ phase plane method, 
the vehicle stability control weight coefficient ξ is determined as follows: 
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Integrating the aforementioned weight coefficient, the final additional yaw 
moment required to maintain lateral stability is designed as follows: 

 (1 )M M M   = −  +                     (33) 

When the vehicle is located in the stable region, the control objective prioritizes 
the sideslip angle to enhance driving smoothness; when the vehicle operates in the 
asymptotically stable region, the yaw rate and sideslip angle are coordinated through 
the dynamic weight factor to achieve a balance between smoothness and stability; if the 
vehicle falls into the unstable region, priority is given to the forced intervention of yaw 
rate control, thus guaranteeing vehicle stability by rapidly suppressing the instability 
tendency. 

3.4 Design of the Lower-Level Optimal Torque Allocation Controller 

The lower-level torque allocation controller plays a critical role in vehicle stability 
control by distributing the upper-level yaw moment to each wheel under multiple 
constraints. Among even, dynamic, and optimal allocation strategies, optimal allocation 
is preferred because of its flexible objective and constraint design, high control 
precision, and superior real-time performance. Subject to equality and inequality 
constraints, the objective function minimizes the tire adhesion utilization rate to 



enhance the vehicle stability margin, and the QP method is used for torque allocation. 

Since the additional yaw moment in the proposed EV model is controlled by the 
longitudinal driving or braking forces of the four wheels, the influence of lateral wheel 
forces is neglected, yielding the following optimal objective function: 
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Excessive tire adhesion utilization rate risks vehicle instability; thus, setting its 
minimization as the objective function effectively enhances vehicle stability. Subject 
to the constraints of longitudinal force and additional yaw moment, the influence of 
the front-wheel steering angle is neglected due to its small magnitude at high speeds. 
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Subject to the maximum motor torque and road adhesion constraints, and restricted 
by the physical limits of the in-wheel motors' external characteristics. 

max maxiT T T−                             (36) 

zj xj zjF F F −                            (37) 

The above equality and inequality constraints are transformed into a QP 
formulation as follows: 
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             (38) 

where � is the linear coefficient vector of the objective function; �� and E� denote 
the lower and upper bounds of the optimization variable 𝑥; and F:G, �:G, F, and > 
represent the coefficient matrices and vectors corresponding to the constraints. 

Based on the expressions of the objective function and constraints, the positive 
definite Hessian matrix H, t he e quality c onstraint c oefficient m atrix  F:G, a nd t he  
constant vector �:G in the standard QP formulation are determined as follows: 
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  , T
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By applying equality constraint elimination to reduce the variable dimensionality 
and simplify the solution logic, the optimal driving torque for each in-wheel motor can 
be obtained as: 
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4. Analysis of Offline Simulation and Hardware-in-the-Loop Results 

The test vehicle in this study is a B-class vehicle, with its parameters detailed in 
Tab.2: 

Tab.2 Vehicle parameters 

Parameter Symbol Value 
Vehicle mass(kg) m 1412 
Sprung mass(kg) ms 1270 

Distance from CG to front axle(m) Bf 1.015 
Distance from CG to rear axle(m) Br 1.895 

Front track width(m) Lf 1.675 
Rear track width(m) Lr 1.675 

CG height(m) hg 0.54 



Yaw moment of inertia(kg·m2) Iz 1536.7 
Wheel radius(m) Re 0.325 

4.1 Offline Simulation 

The control algorithm is verified via a CarSim and MATLAB/Simulink co-
simulation platform. Double lane change (DLC) and slalom scenarios are designed 
under high and low road adhesion conditions, respectively. By comparing the proposed 
PSO-SMC, standard SMC, and the uncontrolled condition, the effectiveness and 
practicality of the direct yaw moment controller and the torque allocation algorithm are 
validated. For further quantitative analysis, the maximum estimation error 3IJK and 
root mean square error 3LIM are employed. 
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4.1.1 DLC Scenario 

The DLC scenario simulates obstacle avoidance or overtaking maneuvers for high-
speed distributed drive EVs and is suitable for validating the lateral stability control 
system. The initial speed is set to 85 km/h, and the road adhesion coefficients are set to 
0.8 and 0.3. The simulation results are presented in Figs. 4 and 5. 

  

(a) Wheel angle (b) Yaw rate 

  



(c) CG sideslip angle (d) Optimal allocated torque 
Fig. 4 Simulation under DLC scenario (� = 0.8) 

Tab.3 DLC scenario errors (� = 0.8) 

Error Control algorithm Yaw rate (deg/s) CG sideslip angle (deg) 

3IJK 
SMC 0.453 0.095 

PSO-SMC 0.296 0.050 

3LIM 
SMC 0.212 0.038 

PSO-SMC 0.183 0.025 

Fig. 4(a) shows the front steering angle input, which provides typical steering 
dynamic excitation for the vehicle lateral dynamics. The yaw rate and CG sideslip angle 
responses in Figs. 4(b) and 4(c) show improved tracking performance after applying 
control. Based on Tab. 3, compared with SMC, the proposed PSO-SMC effectively 
reduces  3�FP. F urthermore, t he  3LIM  of the yaw rate and CG sideslip angle are 
decreased by 13.7% and 34.2%, respectively. Fig. 4(d) illustrates the optimal allocated 
torque of the four wheels. The lower-level controller achieves differentiated 
coordinated regulation of the four-wheel torques to accurately generate the desired 
additional yaw moment from the upper layer, ensuring the stable execution of the 
control strategy. 

 
 

（a）Front wheel steering angle （b）Yaw rate 



  

(c) CG sideslip angle (d) Optimal allocated torque 
Fig. 5 Simulation under DLC scenario (� =0.3) 

Tab.4 DLC scenario errors (� =0.3) 
Error Control algorithm Yaw rate (deg/s) CG sideslip angle (deg) 

3IJK 
SMC 0.906 0.545 

PSO-SMC 0.638 0.326 

3LIM 
SMC 0.439 0.197 

PSO-SMC 0.297 0.124 

Fig. 5(a) shows the front steering angle input, providing typical steering dynamic 
excitation for the vehicle lateral dynamics under low-adhesion conditions. The yaw rate 
and CG sideslip angle responses in Fig. 5(b, c) indicate significantly improved tracking 
performance after applying control. As shown in Tab.4, compared with SMC, the 
proposed PSO-SMC effectively reduces 3IJK. Furthermore, the 3LIM of the yaw rate 
and CG sideslip angle are decreased by 32.3% and 37.1%, respectively. Fig. 5(d) 
illustrates the optimal torque allocated to the four wheels, which achieves differentiated 
coordinated regulation to accurately generate the desired additional yaw moment. These 
results demonstrate that the proposed strategy effectively enhances the lateral stability 
of the vehicle during high-speed driving under the low-adhesion DLC scenario. 

4.1.2 Slalom Scenario 

Simulations are conducted under the Slalom scenario with an initial speed of 85 
km/h and road adhesion coefficients of 0.8 and 0.3. The results are shown in Fig. 6 and 
Fig. 7. 



  

（a）Front wheel steering angle （b）Yaw rate 

  

（c）Sideslip angle （d）Optimally distributed torque 
Fig. 6 Simulation under Slalom scenario (� = 0.8) 

Tab.5 Slalom scenario errors (� = 0.8) 
Error Control algorithm Yaw rate (deg/s) CG sideslip angle (deg) 

3IJK 
SMC 4.557 1.026 

PSO-SMC 1.983 0.563 

3LIM 
SMC 1.335 0.432 

PSO-SMC 0.714 0.221 

Fig. 6(a) shows the front steering angle input, providing typical steering dynamic 
excitation for the vehicle lateral dynamics under low-adhesion conditions. The yaw rate 
and CG sideslip angle responses in Fig. 6(b, c) indicate significantly improved tracking 
performance after applying control. As shown in Table 5, compared with SMC, the 
proposed PSO-SMC effectively reduces 3IJK. Furthermore, the 3LIM of the yaw rate 
and CG sideslip angle are decreased by 46.5% and 48.8%, respectively. Fig. 6(d) 
illustrates the optimal allocated torque of the four wheels, achieving differentiated 
coordinated regulation of the four-wheel torques to accurately generate the desired 
additional yaw moment, ensuring the stable execution of the control strategy. 



 
 

（a）Front wheel steering angle （b）Yaw rate 

  
（c）Sideslip angle （d）Optimally distributed torque 

Fig. 7 Simulation under Slalom scenario (� = 0.3) 
Fig. 7(a) shows the front steering angle input, where periodic continuous steering 

provides sustained dynamic excitation for the vehicle lateral dynamics under low-
adhesion conditions. The yaw rate and CG sideslip angle responses in Fig. 7(b, c) 
demonstrate that both parameters lose control without intervention. After applying 
control, effective tracking is achieved, and the proposed PSO-SMC significantly 
outperforms the conventional SMC. Fig. 7(d) illustrates the four-wheel torque 
allocation, indicating that the lower-level controller dynamically regulates the torques 
according to low-adhesion limits to accurately generate the desired additional yaw 
moment. Therefore, under extreme low-adhesion continuous steering conditions, the 
designed control system effectively mitigates yaw instability and CG sideslip angle 
divergence, verifying its robustness and engineering applicability in complex extreme 
scenarios. 

4.2 Hardware-in-the-loop Test 

Compared with offline software simulations, hardware-in-the-loop (HIL) testing 
integrates physical hardware controllers and communication devices to enable real-time 
algorithm execution and data interaction. This approach avoids the risks of real-vehicle 
testing and supports repeated validation, thereby shortening the development cycle. In 
this section, an HIL test platform for DDEV lateral stability control is established based 



on the NI PXI real-time simulator, as shown in Fig. 8. 

 

Fig. 8 HIL test platform 

Based on the established HIL test platform, the proposed lateral stability control 
algorithm is experimentally validated under three typical scenarios: single lane change 
(SLC), DLC, and slalom. These correspond to real-world driving scenarios of single 
lane change, continuous lane change, and continuous steering, respectively. The initial 
speed is set to 85 km/h, and the road adhesion coefficient is set to 0.5. As shown in Fig. 
9, the control accuracy, real-time performance, and robustness of the controller are 
verified by evaluating the tracking performance of the yaw rate and CG sideslip angle 
against their ideal reference values. 

 

  

（a）Yaw rate （b）Sideslip angle 

  
（c）Yaw rate （d）Sideslip angle 



  
（e）Yaw rate （f）Sideslip angle 

Fig. 9 Comparison of yaw rate and CG sideslip angle control performance under three 
scenarios 

Under extreme driving conditions (85 km/h, road adhesion coefficient of 0.5), the 
proposed controller successfully tracks the yaw rate and CG sideslip angle references 
in the SLC, DLC, and slalom scenarios, verifying its effectiveness and robustness. 
However, the control accuracy exhibits a gradient variation across different maneuvers. 
In the SLC scenario, the actual curves nearly coincide with the references with no 
obvious lag, and the maximum peak deviations of the yaw rate and CG sideslip angle 
are only 0.604 deg/s and 0.131 deg, respectively, demonstrating high-precision tracking 
under simple steering. In the DLC scenario, slight deviations occur at the steering 
switching instants, but the overall trends remain highly consistent, with maximum 
deviations not exceeding 0.647 deg/s and 0.668 deg. In the slalom scenario, the actual 
curves fluctuate slightly around the references without divergence, as high-frequency 
reciprocal steering causes continuous dynamic variations and slight tracking lag; 
nevertheless, the maximum deviations of the yaw rate and CG sideslip angle remain 
within 2.466 deg/s and 0.787 deg, reflecting excellent stability under complex dynamic 
maneuvers. 

5. Conclusion 

Dynamic models are developed to improve the lateral stability of distributed-drive 
electric vehicles under complex operating conditions. By incorporating the road 
adhesion limit, ideal reference values for the yaw rate and the center-of-mass side slip 
angle are determined. A sliding-mode controller, whose control parameters are tuned 
via a particle swarm optimization algorithm, is designed with an additional yaw 
moment term. The phase-plane method is introduced to quantitatively determine the 
vehicle's steady-state operating conditions, and the final output target torque is 
adaptively adjusted using weighting coefficients. 

Aiming to minimize the tire load rate, this controller integrates motor output limits 
and road adhesion constraints to develop an optimal quadratic programming-based 



four-wheel torque distribution strategy, which enables precise allocation of the 
additional yaw moment. 

Using the integrated CarSim–MATLAB/Simulink simulation platform, we 
conducted simulation tests of the proposed control algorithm under different road 
adhesion coefficients, covering both double lane change and snake driving conditions, 
and verified the rationality of the established model. The results demonstrate that, when 
comparing the improved PSO-SMC, conventional SMC, and the no-control scenario, 
the direct yaw moment controller and the moment distribution algorithm proposed in 
this study exhibit higher stability and outperform conventional SMC under all types of 
adhesion conditions. 

Using the established HIL test platform, experimental validation is conducted on 
the lateral stability control algorithm under complex operating conditions. By 
comparing the tracking performance of actual control values versus ideal reference 
values for the yaw rate and the center-of-mass side slip angle under both single- and 
double-lane-change scenarios, the controller's control accuracy, real-time performance, 
and robustness are verified, confirming the approach delivers excellent vehicle speed 
tracking capability and stability. 

The main limitation is that under the snake-shaped operating condition, the actual 
response curve fluctuates slightly around the reference curve; the deviation is 
marginally larger than that observed under the other two operating conditions, 
indicating a mild tracking lag that requires further improvement. 
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