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Abstract: To improve the handling stability of distributed drive electric vehicles, this paper introduces
an electronic differential control strategy based on the stability criterion of the phase plane method.
The strategy first plots the distributed electric vehicle’s center of mass side angle and center of mass
angular speed on the phase plane, and then it analyzes the vehicle’s stability under various working
conditions to determine the parameters that ensure the stability performance. Subsequently, an
adaptive fuzzy control strategy is employed to achieve fast and accurate distribution of the torque
to each wheel, thereby enhancing the vehicle’s stability. A joint simulation platform is constructed
using MATLAB/Simulink and CarSim. A comparison with the traditional electronic differential
strategy demonstrates that the proposed distribution strategy based on phase plane stability exhibited
excellent stability.

Keywords: distributed drive; phase plane; torque distribution; joint control

1. Introduction

Because of their compact structure, high transmission efficiency, and ability to in-
dependently control driving motors, distributed drive electric vehicles offer significant
advantages in terms of energy savings and body stability control. Consequently, they have
emerged as a major area of research in the field of new energy vehicles [1,2]. Unlike con-
ventional vehicles, distributed drive electric vehicles utilize electronic differentials instead
of mechanical differentials to control the differential speed of each driving wheel during
turns. This allows for flexible and independent control of the speed and torque of each
wheel, leading to improved overall vehicle performance, reduced power loss, minimized
tire wear, and enhanced handling. Therefore, the main focus of this study was to optimize
the design of electronic differential control strategies for distributed drive electric vehicles.

In recent years, researchers, both domestically and internationally, have extensively
studied the electronic differential control of distributed drive vehicles. Ma Haojun [3]
proposed an electronic differential control strategy that takes into account the vertical load
transfer during vehicle turns. This strategy aims to redistribute torque between the left and
right wheels in a more rigorous and scientific manner. Wu Nan [4] conducted a simulation
study on direct yaw moment and four-wheel steering control. The study utilized the yaw
angle and yaw rate of the vehicle’s center of mass as the control objectives and used the
fuzzy control method to regulate the rear wheel angle and yaw moment, following the
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ideal yaw angle and yaw rate of the center of mass with the actual values. Peng Silun [5]
incorporated a neural network into his electronic differential control strategy, utilizing the
front wheel angle and vehicle speed as inputs. He trained a BP neural network with a
large amount of simulation data to facilitate torque regulation prediction under varying
conditions. Feng Jindong [6] adopted the variable sliding mode surface, combined with the
fuzzy algorithm to select the coefficient of the variable sliding mode surface, and designed
the direct yaw moment controller to improve the stability of the hub-driven vehicle on the
basis of the sliding mode variable structure algorithm. On the basis of the barrier Lyapunov
function (BLF), Lu Chuandao [7] studied the constraint control problem of the slip rate and
centroid side yaw angle, which fundamentally prevents the slip rate and sideslip angle
from working in the unstable region and improves the braking and steering stability of
vehicles. Lee J et al. [8], addressing the limitations of the ideal Ackerman steering model in
describing the nonlinear relationship between the rotation angle and wheel speed during
the steering process, applied an artificial neural network to fit this relationship, enabling
differential speed control. Yee-Pien Yang et al. [9] achieved electronic differential speed
control using a double closed-loop control system in which the inner loop regulates the
wheel speed and the outer loop controls the yaw rate, thereby enhancing vehicle stability.
Bekheira Tabbache et al. [10] designed an adaptive electronic differential controller that
achieves differential speed through direct torque control according to an adaptive algorithm
for speed and flow. It is worth mentioning that most of the aforementioned research on
electronic differential control involves extensive calculations to regulate the speed and
torque of the driving wheels, making it impractical for real-time control. Moreover, these
studies have not provided a quantitative analysis of vehicle stability. A critical speed
analysis and phase plane analysis are two common methods of analyzing vehicle stability.
Among these, phase plane analysis is the most classical and effective approach for stability
analysis in control systems. Presently, commonly employed phase plane analysis methods
applied to vehicle stability are primarily based on a trajectory analysis of the vehicle’s state
phase plane.

In recent years, an increasing number of scholars have combined the phase plane and
vehicle control to improve vehicle stability. In [11,12], the stability region, determined by the
phase plane of the lateral declination angle of the centroid and the change rate of the lateral
declination angle of the centroid, was used to design a vehicle electronic stability system.
Reference [13] used the same stability boundary for the stability and energy-savings control
of four-wheel-drive electric vehicles. In [14,15], the phase plane, composed of the front and
rear wheel-side deflection angles, was used as the stability constraint, and model predictive
control (MPC) was used to improve the vehicle stability. References [16,17] designed a
stable envelope area in the phase plane of the lateral deflection angle and yaw velocity at
the center of mass, placing the vehicle in a safe area by means of envelope control, thus
improving the stability of the vehicle. Reference [18] proposed a predictive controller based
on the phase plane for the AFS and DYC models, along with a comprehensive torque
optimization allocation algorithm.

To address the needs of distributed drive vehicles, this study proposes a concise
electronic differential control strategy that incorporates the use of the phase plane method.
This strategy consists of the following three main components: torque distribution control
based on the vertical load transfer of the front and rear axles; yaw moment control based on
the phase plane method; and coordinated control based on stability parameters. Through
cosimulation, the effectiveness of this electronic differential control strategy is validated.

2. Distributed All-Wheel-Drive Electric Vehicle Dynamics Model
2.1. Vehicle Dynamics Model

In the study of vehicle stability control, in order to reduce the number of calculations,
only the influence of the yaw and lateral motions on the driving stability is considered, and
the 2-DOF vehicle model is usually adopted. The model is shown in the Figure 1.
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The vehicle dynamics equation is as follows:

.
β =

cosβ

mvx
[F1·cosδ + F2]−

sinβ

mvx
·F1·sinδ − γ (1)

.
γ =

F1·cosδ·a − F2·b
Iz

(2)

where m is the vehicle quality; γ is the yaw rate; δ is the front wheel angle; β is the
center of mass side-slip angle; F1 and F2 are the lateral forces of the front and rear wheels,
respectively; a and b are the distances from the vehicle’s center of mass to the front and rear
axles; vx is the velocity component of the x-axis; and Iz is the moment of inertia of yaw.

2.2. Tire Model

In this study, the ‘magic formula’ tire model was selected for the subsequent research.

Fy = (D sin(Carctan(BX1 − E(BX1 − artan(BX1))))) + Sv (3)

where Fy is the lateral force of the tire; D is the maximum lateral force; C is the curve shape
factor; E is the curve curvature factor; B is the stiffness factor; X1 is the side’s combined
independent variables for the force calculation; and Sv is the vertical drift.

The above parameters are related to the vertical load of the tire. In the process of
operating a vehicle, the vertical load of the tire will change with the transfer of the axle load.
Under the premise that the ground attachment conditions are unchanged, the increase in the
vertical load of the tire will increase the lateral force of the tire, so the relationships between
various parameters and the vertical load, Fz, should be considered in the control [19].

B = BCD / (CD)
C = a0

D =
(
a1F2

z + a2Fz
)

BCD = a3 sin
(

2 arctan Fz
a4

)
× (1 − a5|ξ|)

E = (a6Fz + a7)
Sh = a8ξ + a9Fz + a10

Sv = a11Fzξ + a12Fz + a13
X1 = (α + Sh)

(4)

where ai (i = 0, 1, . . ., 13) is the fitting coefficient; ξ is the tire camber angle; α is the tire
lateral deviation angle; Sh is the horizontal offset; and Fz is the vertical load of the tire.

Vertical load calculation of the front and rear wheels:{
Fz f = (mgb) / L
Fzr = (mga) / L

(5)
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where Fz f and Fzr are the vertical loads; a and b are the distances from the vehicle’s center
of mass to the front and rear axles; and L is the wheelbase.

The side angles of the front and rear wheels are calculated as follows:{
α f = β + aγ / vx − δ

αr = β − bγ / vx
(6)

where α f and αr are the lateral deviation angles of the front and rear wheels, respectively.

3. Phase Plane Analysis of Vehicle Driving Process
3.1. Phase Plane Overview

The phase plane analysis method analyzes the stability characteristics of a system by
drawing a state trajectory diagram consisting of the change points of the state variables.
The motion states of the system at different times can have corresponding state points in
the phase plan. By studying the stable region and the unstable region in the phase plane
graph, the boundary model of the stable region can be obtained using the visual geometry
of the phase plane graph to separate the stable region and the unstable region.

3.2. Establishment of the Phase Plane

To draw the distributed drive vehicle centroid side-deflection angle–centroid side-
deflection angle velocity phase plane map (namely, the plane map of the β −

.
β phases), the

vehicle dynamics equation and the magic tire formula are used simultaneously, and the
formula can be obtained by a simplified calculation, as follows:

.
β =

cos β[(Fy f )cos δ+Fyr]
MV − γ

.
γ =

[a(Fy f )cos δ−b(Fyr)]
Iz

(7)

The phase plane model of the centroid side-declination angle was constructed in
MATLAB/Simulink, as shown in Figure 2. Through the given initial state of the vehicle
dynamics model, the phase trajectory motion curve of the centroid sideslip angle and the
centroid sideslip angle velocity was obtained. The phase plane model was mainly composed
of two degrees of freedom vehicle model and magic formula tire model. Among them, the
input values are the vehicle speed, front wheel angle, and road adhesion coefficient. The
initial center of mass lateral deviation angle was set to change from −0.6 rad to 0.6 rad, and
the step size was 0.05. The initial yaw rate was set to change from −0.6 rad/s to 0.6 rad/s
with a step of 0.05. Specifically, refer to Table 1 for the model’s parameter data.

Table 1. Vehicle parameters.

Parameter Value

Curb weight/Kg 1620
Overall dimensions/mm 3775 × 1665 × 1690
Moment of inertia/kg-m2 2032.1

Wheelbase/mm 2450
Distance from front axle to center of mass/mm 1050

Distance from rear axle to centroid/mm 1400
Centroid height/mm 500

Front track width/mm 1430
Rear track width/mm 1430

Axle load distribution/Kg 915/710
Tire specifications 175/70 R13
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3.3. Phase Plane Stability Domain Division

Centroid sideslip angle—The phase plane stability domain of the centroid sideslip
angle velocity can be divided by the double straight line method. In this method, the
boundary of the stability domain can usually be represented as two straight lines symmetric
about the origin, and these two lines pass through the saddle point and are tangent to the
critical trajectory of the convergence, as shown in Figure 3.
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The mathematical model of its stability region can be expressed as follows:∣∣∣ .
β + Aβ

∣∣∣ ≤ B (8)

where A and B are the boundary coefficients, A is the slope of the boundary of the stable
domain, B is the intercept of the upper boundary of the stable domain, and −B is the
intercept of the lower boundary of the stable domain. The value of the boundary coefficient
is mainly affected by the vehicle speed, road adhesion coefficient, and front wheel angle [20].

3.4. Analysis of the Influencing Factors on the Boundary of the Stability Region in the Phase Plane
3.4.1. Influence of the Vehicle Speed on the Boundary of the Phase Plane Stability Region

Taking the road adhesion coefficient, µ = 0.8, the speed, V, is 5–30 m/s, the interval is
2.5 m/s, and the front wheel angle is 0.
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As observed in the simulation experiments, the boundary coefficients of the phase
plane stability region of the centroid side-deviation angle at different vehicle speeds are
shown in Table 2.

Table 2. Boundary coefficient of the stability region of the phase plane of the sideslip angle under
different speed conditions.

Speed (m/s) A B

5.0 33.80 3.80
7.5 23.50 1.78

10.0 11.60 1.00
12.5 10.65 0.84
15.0 9.65 0.60
17.5 8.48 0.60
20.0 7.90 0.60
22.5 7.34 0.55
25.0 6.60 0.55
27.5 6.35 0.55
30.0 5.80 0.55
32.5 5.10 0.55
35.0 4.30 0.55

It is evident that, overall, as the vehicle speed increased, both slope A of the stability
domain boundary function and intercept B of the upper boundary of the phase plane of the
centroid side-declination angle decreased, indicating a reduction in the stability domain
range. When the vehicle speed was less than 10 m/s, the increase in the vehicle speed
significantly impacted the boundary function parameters in the stability domain, as follows:
as the vehicle speed increased from 5 m/s to 10 m/s, slope A of the boundary function
decreased by 22.2, from 33.80 to 11.60, and intercept B of the upper boundary decreased by
2.8, from 3.80 to 1.00. However, when the vehicle speed exceeded 10 m/s, the influence
of the increase in the vehicle speed on the boundary function parameters in the stability
domain was minimal, as follows: as the vehicle speed increased from 10 m/s to 30 m/s,
slope A of the boundary function decreased by 5.8, from 11.60 to 5.80, and intercept B of
the upper boundary decreased by 0.45, from 1.00 to 0.55.

3.4.2. Influence of the Pavement Adhesion Coefficient on the Boundary of the Phase Plane
Stability Region

Setting the speed at 20 m/s, the road adhesion coefficient value ranged to 0.1~1, the
interval to 0.1, and the front wheel angle to zero.

The boundary coefficients of the phase plane stability region under different road
adhesion coefficient conditions are shown in Table 3.

Table 3. Boundary coefficient of the stability region of the phase plane of the sideslip angle under
different speed conditions.

Coefficient of Adhesion A B

0.1 1.20 0.10
0.2 2.00 0.20
0.3 3.30 0.30
0.4 4.00 0.35
0.5 5.30 0.52
0.6 6.10 0.54
0.7 6.70 0.56
0.8 7.90 0.58
0.9 8.50 0.60
1.0 10.70 0.61
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Through analysis, it is not difficult to see that with the improvement in the road
adhesion coefficient at the same speed, slope A of the boundary function of the stability
region of the centroid side declination phase plane increased from 1.2 to 10.7, and the
intercept B of the upper boundary increased from 0.1 to 0.61, which means that the range
of the stability region increased.

3.4.3. Influence of the Front Wheel Angle on the Phase Plane Stability Region Boundary

The previous two sections discussed a situation in which the front wheel angle was 0,
and the influence of the front wheel angle is analyzed below. The simulation results show
that when the angle of the front wheel was small, the change in the stability region was
not obvious; only the equilibrium point was translated along the horizontal axis. When
the front wheel angle was large, the shape of the stable area obviously changed, although
the degree of translation was basically the same as when the front wheel angle was 4◦, and
the slope of the right boundary was also basically unchanged, but the slope on the left was
different from the slope on the right, which influenced the change in the front wheel angle.
To facilitate the design of the control logic, the following simplifications were needed:

For the vehicle used in the simulation, δ0 = 4π/180, and the current wheel angle
greater than δ0 was treated as being equal to δ0. When the front wheel angle changes, the
slope of one side of the boundary remained unchanged regardless of the angle size, while
the slope of the other side changed obviously when the front wheel angle changed. It was
considered that the slopes of both sides remained approximately unchanged.

The stability region formed by these simplifications is within the stability region
obtained in the simulation, which ensures the stability, but the restriction is relatively strict
and conforms to the conservative design criteria.

Setting the speed at 15 m/s, the road adhesion coefficient was 0.5, the angle range of
the front wheel was 0.5~4◦, and the interval was 0.5◦.

According to the simplification mentioned above, when the angle of the front wheel
is small (0~4◦), it has little influence on slope A, the boundary parameter of the stability
region of the plane of the lateral angle of the centroid, which is ignored when the boundary
of the stability region is drawn, and the slope of the two boundary functions are equal;
that is, A is the value of the angle of the front wheel when it is zero in each of the working
conditions. After this treatment, the front wheel angle only affects the intercept of the
upper boundary, namely, parameter B. At the same time, the simulation experiment further
found that when the current wheel angle is relatively small (0~4◦), the increase or decrease
in the upper and lower boundaries is basically the same. Therefore, in order to simplify the
program and improve the calculation speed, we defined a new parameter intercept change,
∆B. Therefore, the boundary function of the stability region of the phase plane considering
the angle of the front wheel becomes the following:

−B + ∆B ≤
.
β + Aβ ≤ B + ∆B (9)

According to the simulation experiment, the boundary coefficients of the phase plane
stability region under the different front wheel rotation conditions are shown in Table 4.

Table 4. Boundary coefficient of the stability region of the phase plane of the sideslip angle under
different speed conditions.

Front Wheel Angle ∆B

0.5 0.04
1.0 0.07
1.5 0.11
2.0 0.14
2.5 0.18
3.0 0.24
3.5 0.32
4.0 0.39
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The simulation results show that the larger the current wheel angle, the greater the
change in the intercept of the boundary function of the stability region. When the front
wheel angle increased from 0.5◦ to 4◦, ∆B increased from 0.04 rad to 0.39 rad.

4. Overview of Electronic Differential Control Strategies Based on the Phase Plane

The electronic differential control strategy, designed on the basis of the phase plane,
is structured into the following three layers: basic parameter calculation layer based
on the phase plane, yaw moment formulation layer, and four-wheel torque distribution
layer, as illustrated in Figure 4. The three-layer control strategy algorithm features a clear
structure, with each part being independent, facilitating ease of development, maintenance,
integration, and function expansion. The basic parameter calculation layercomputes the
stability parameter, ek, defined in this paper for the control, as well as the theoretical yaw
moment. The yaw moment calculation layer is jointly controlled by an adaptive fuzzy
controller and a nonlinear PID controller. The vehicle’s stable state is determined based on
the phase plane, and the calculations for the two controllers are allocated accordingly. The
four-wheel torque distribution layer allocates the four-wheel torque based on the vertical
load ratio of the front and rear axles.
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4.1. Basic Parameter Calculation Layer Based on the Phase Plane

In the β −
.
β phase plans, when −B + ∆B ≤

.
β + Aβ ≤ B + ∆B is satisfied, the state

point is considered to be in the stable region, and the vehicle is stable; when
.
β + Aβ >

B + ∆B or
.
β + Aβ < −B + ∆B, it is considered that the state point is in the instability

region, and the vehicle is unstable.
The stability parameter, ek, is defined as follows:

ek =



.
β+Aβ−B−∆B

.
β+Aβ−B

.
β + Aβ > B + ∆B

0 − B + ∆B ≤
.
β + Aβ ≤ B + ∆B

−
.
β+Aβ+B−∆B

.
β+Aβ+B

.
β + Aβ < −B + ∆B

(10)

The stability parameter, ek, was calculated according to the vehicle driving state
parameters, such as sideslip angle, sideslip angle velocity, and stability region parameters.
If ek = 0, the vehicle is in the stable region, according to the phase plane. If ek ̸= 0, the
vehicle is judged to be in the instability region, according to the phase plane.

Equation (11) was used to calculate the theoretical yaw moment, as follows:

ωd = δ × V
2.385 × (1 + 0.005V2)

(11)
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4.2. Yaw Moment Formulation Layer

It is expected that the yaw moment formulation layer includes a stability domain
calculation module, an instability compensation module, and a phase plane judgment
calculation module. Yaw moment DYM1 is calculated by the fuzzy controller in the
stability domain, and yaw moment DYM2 is calculated by the PID control in the instability
compensation module. Finally, the phase plane judgment calculation module calculates the
desired yaw moment, and the final output of DYM is based on the judgment condition of
the stable parameter, ek.

4.2.1. Adaptive Fuzzy Controller

The adaptive fuzzy controller developed in this paper can dynamically adjust the
quantization factor and scale factor to determine the desired yaw moment, thereby achiev-
ing the most suitable control scheme for the current operating conditions. When driving
on a road with a high adhesion coefficient, the vehicle’s operating conditions are optimal.
During vehicle turning, if there is a deviation between the actual and expected values of the
yaw rate and sideslip angle, the quantization factor and scale factor can be simultaneously
increased. This allows the actual yaw rate and sideslip angle to quickly converge to the
expected values, thereby enhancing the response speed of the control system. Conversely,
when driving on a road with a low adhesion coefficient, the vehicle’s operating conditions
are suboptimal. In the event of a deviation between the actual and expected values of the
yaw rate and sideslip angle during vehicle turning, the proportional factor output by the
fuzzy controller can be reduced by increasing the quantified factor of the yaw rate and
sideslip angle. This ensures an accelerated response of the control system and prevents
excessive torque difference between the left and right sides of the bus, thereby enabling
better performances on road surfaces with low adhesion. The design of the adaptive fuzzy
controller is illustrated in Figure 5.
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The adaptive fuzzy control algorithm is as follows:{
e(ω) = (K1 × ∆K1)·E(ω)
e(β) = (K2 × ∆K2)·E(β)

(12)

y = f2(e(ω), e(β)) (13)

In Formula (13), f2 is the functional relationship between the input and output of the
adaptive fuzzy control system, which is determined by the controller parameters and the
de-fuzzification mode. It can be seen from Equations (12) and (13) that the input of the fuzzy
controller not only depends on the input deviations E(ω) and E(β) and the quantization
factors K1 and K2, but also on ∆K1 and ∆K2 as output by the adaptive module. Similarly,
the magnitude of the expected swaying moment, M, depends not only on scale factor K3
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but also on ∆K3, as output by the adaptive module. The magnitude of the expected yaw
moment, M, is as follows:

M = (K3 + ∆K3)· f2(e(ω), e(β)) (14)

In the process of its operation, the adaptive module can adjust the expected yaw
moment, M, of the vehicle according to the corresponding values of ∆K1, ∆K2, and ∆K3, as
output during actual working conditions; therefore, the vehicle can keep the best running
state under any working conditions. Considering the calculation speed of the algorithm,
the design of the adaptive module is as follows:

The inputs in the adaptive module are the speed, yaw rate, sideslip angle, and road
adhesion coefficient, which can output the additional quantization factors ∆K1 and ∆K2,
as well as scale factor ∆K3, through additional fuzzy control according to the driving
conditions of the vehicle and the actual yaw rate and sideslip angle of the vehicle to ensure
the control effect and response speed. When the vehicle is running at a low speed and
turning, it is believed that the vehicle can meet the requirements for stable operation only by
controlling the yaw rate. The adaptive module will shield the deviation value of the sideslip
angle. At the same time, in order to improve the response speed of the control, the module
needs to increase the control effect of the pendulum velocity deviation and the total amplifi-
cation ratio of the system, that is, the outputs ∆K1 > 1, ∆K2 = 0, and ∆K3 > 1 under this
working condition. When the vehicle is driving at a high speed and turning, the change rate
of the sideslip angle and the sideslip angle will be limited to

∣∣∣Caβ + Cb
.
β
∣∣∣ ≤ 1 [21]. When

this range is not exceeded, the main control objective is to ensure the stability of the driving
direction of the vehicle, as well as the steering speed of the vehicle. The yaw rate and
sideslip angle are controlled simultaneously. At this time, the yaw rate and sideslip angle
of the vehicle are equally important. The values of the two quantization factors output by
the adaptive module are equal, that is, ∆K1 = ∆K2 > 1. At the same time, when the vehicle
is running at medium and high speeds, in order to ensure the stability while driving, the
torque difference on both sides should be reduced, that is, the output ∆K3 < 1. When
this range is exceeded, the only control objective is to ensure the stability of the driving
direction of the vehicle. At this time, it is believed that control of the yaw rate will no longer
play a role in vehicle stability, so only the control of the sideslip angle is used to ensure the
vehicle operates stably. The adaptive module will shield the difference in the yaw rate. That
is, the outputs are ∆K1 = 0, ∆K2 > 1, and ∆K3 < 1. Through an analysis of the vehicle
dynamics stability, and with reference to a large number of documents, Ca = 4.386 and
Cb = 2.562 [22]. The fuzzy control inputs of the adaptive module are the deviations from
the ideal values of the yaw rate and the sideslip angle by the actual values, and the outputs
are the additional quantization factors and scale factor of the outer fuzzy controller. There
are seven fuzzy sets for the deviation between the input yaw rate and the sideslip angle of
the center of mass, which are, respectively, negative large (NB), negative medium (NM),
negative small (NS), zero (ZO), positive small (PS), positive medium (PM), and positive
large (PB). There are four fuzzy sets for the additional quantization factor and scale factor
outputs. Figure 6a–c show the corresponding membership function.

The fuzzy rules for the adjustment of the quantization factors and scale factor are
shown in Table 5:

Table 5. Fuzzy rules for the adjustments of the quantization factors and scale factor.

eω\eβ NB NM NS ZO PS PM PB

NB CH CH CL AL CL CH CH
NM CH CH AL AH AL CH CH
NS CH CL AL AH AL CL CH
ZO CH CL AL AH AL CL CH
PS CH CL AL AH AL CL CH
PM CH CL AL AH AL CH CH
PB CH CH CL AL CL CH CH
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Figure 6. Membership function of the fuzzy controller in the adaptive module: (a) yaw rate devi-
ation membership function; (b) sideslip angle deviation membership function; (c) deviation in the
additional scale factor and quantification factors membership function.

The outer fuzzy controller designed in this paper used fuzzy exact values of the
deviation of the yaw rate and sideslip angle, E(ω) and E(β), into seven fuzzy sets, which
were negative large (NB), negative medium (NM), negative small (NS), zero (ZO), positive
small (PS), positive medium (PM), and positive large (PB). The output variable M is divided
into nine fuzzy sets, which are negative very large (NVB), negative large (NB), negative
medium (NM), negative small (NS), zero (ZO), positive small (PS), positive medium
(PM), positive large (PB), and positive very large (PVB). Figure 7a–c below show the
corresponding membership function.

Fuzzy reasoning is the core of fuzzy control; that is, the combination of input variables
and output variables of the fuzzy controller forms a one-to-one corresponding relationship
rule, according to experts. The reasoning relationships, with 49 fuzzy rules, used in this
paper are shown in Table 6.

Table 6. Fuzzy control fuzzy rule table.

eω\eβ NB NM NS ZO PS PM PB

NB NVB NVB NVB NB NB NM NB
NM NB NB NB NM NM NS NS
NS NB NM NM NM NS ZO ZO
ZO NM NM NS ZO ZO PS PS
PS NM NS ZO PS PS PM PM
PM NS ZO PS PM PM PB PB
PB ZO PS PM PB PB PVB PVB
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Figure 7. Membership function of the outer fuzzy controller: (a) yaw rate deviation membership
function; (b) sideslip angle deviation membership function; (c) desired yaw moment member-
ship function.

Also, the weighted average method was chosen to conduct the de-fuzzification. Finally,
the calculation formula of the desired yaw moment, M, is shown in Equation (15).

M = (K3 + ∆K3)×
∑m

i=0 yciµAi
ω
[(K1 + ∆K1)× E(ω)]µAβ

[(K2 + ∆K2)× E(β)]

∑m
i=0 µAi

ω
[(K1 + ∆K1)× E(ω)]µAβ

[(K2 + ∆K2)× E(β)]
(15)

4.2.2. Nonlinear PID Controller

A traditional PID control is a linear combination of errors, which can achieve a good
control effect on linear and near-linear systems. Its general form is as follows:

u(t) = Kpe(t) + Ki

∫ t

0
e(τ)dτ + Kd

de(t)
dt

(16)

where Kp is the proportional gain; Ki is the integral gain; Kd is the differential gain; and e(t)
is the deviation.

The vehicle dynamics model is a nonlinear model, and this linear combination is
not the best combination mode in the nonlinear model. The more suitable and effective
combination form is in the range of a nonlinear combination. Therefore, a nonlinear
combination based on nonlinear PID control is proposed in this paper, as shown in the
following equation:

u = kp f al(e1, α1, L) + kd f al(e2, α2, L) (17)
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where 0 < α1 < 1 < α2; e1 is the difference between the output of the current controlled
object and the set value of the controlled object; e2 is the difference between the output of
the current controlled object and the change rate of the set value of the controlled object;
and L is the interval length of the linear segment. The f al function is a saturation function,
as shown in Equation (18), as follows:

f al(e, α, δ) =

{ e
Lα−1 , |e| ≤ L
|e|αsgn(e) , |e| > L

(18)

In this paper, the stability parameter, ek, was controlled, and the additional desired
torque was output.

4.3. Torque Distribution Layer

In the four-wheel torque distribution layer, the vertical load transfer of a vehicle under
longitudinal and lateral accelerations is estimated. Based on the desired yaw moment DYM
constraint, the four-wheel torques, Tf l , Tf lr, Trl , and Trr are calculated.

During the steering process, the lateral movement of the vehicle will lead to the
transfer of the vertical load of the four wheels. Under the actions of the longitudinal
acceleration and lateral acceleration, the vertical axle load of a four-wheel vehicle can be
approximated by the following formula [23]:

Fz f l = M·g· b
2(a+b) − M·ax· h

2(a+b) − M·ay· ha
d(a+b)

Fz f r = M·g· b
2(a+b) − M·ax· h

2(a+b) + M·ay· ha
d(a+b)

Fzr l = M·g· b
2(a+b) + M·ax· h

2(a+b) − M·ay· hb
d(a+b)

Fzrr = M·g· b
2(a+b) + M·ax· h

2(a+b) + M·ay· hb
d(a+b)

(19)

where a is the distance between the front axle and the center of mass of the car; b is the
distance between the rear axle and the car’s center of mass; h is the distance between the
car’s center of mass and the ground; and d is the mean wheel pitch.

Based on the estimated four-wheel vertical load, the four-wheel torque distribution
relationship is as follows:

(
Tf l + Tf r

)
·cosδ + Trl + Trr = Fx·r

(Tf r−Tf l)cosδ+(Trr−Trl)
r · d

2 +
(Tf l+Tf r)

r ·asinδ = DYM

K =
Fz f l+Fz f r

Fzr l+Fzrr

Tf l = KTrl
Tf r = KTrr

(20)

5. Simulation and Verification of the Electronic Differential Control Strategy Based on
the Phase Plane
5.1. J-Turn Working Conditions Simulation Experiment

The steering wheel input was set to peak at 235◦ within 0.2 s and it was maintained
for 4.67 s at the peak. The input of the steering wheel angle is shown in Figure 8a. The
vehicle had an initial speed of 60 km/h and maintained that speed. The road adhesion
coefficient was 0.85.

The simulation results are shown in the Figure 8 and Table 7. The electronic differential
control strategy developed in this paper demonstrated a peak stability parameter, |ek|, of
0.550, while the torque average distribution strategy exhibited a peak stability parameter,
|ek|, of 0.580, representing a 5.2% increase over the average torque distribution strategy.
Under these operating conditions, the average stability parameter, |ek|, of the designed
control strategy was 0.060, compared to 0.066 for the torque average distribution strategy,
marking a 9.1% increase. These results indicate that the electronic differential control
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strategy designed in this paper can significantly extend the length of time a vehicle is in the
stability region and reduce the tendency toward instability.
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Figure 8. J-turn working conditions test diagram.

Table 7. Simulation experiment’s data under the J-turn working conditions.

Equal Distribution
Method Phase Plane Method Effect of

Optimization

Peak of |ek| 0.580 0.550 5.2%
Mean of |ek| 0.066 0.060 9.1%
Peak of |β| 0.108 rad 0.096 rad 11.1%
Mean of |β| 0.019 rad 0.018 rad 5.3%

Mean of |∆ω| 0.075 rad/s 0.073 rad/s 2.7%

Moreover, the strategy’s peak value of |β| in this paper was 0.096, with the peak value
of |β| for the torque average distribution strategy being 0.108, reflecting an 11.1% increase.
The strategy’s average value of |β| was 0.018, compared to 0.019 for the torque average
distribution strategy, resulting in a 5.3% improvement.

Additionally, the average difference between the actual and desired yaw rates with
this study’s strategy was 0.073 rad/s, while the average according to the torque average
distribution strategy was 0.075 rad/s, demonstrating a 2.7% enhancement. These findings
suggest that the electronic differential control strategy designed in this paper can better
track a driver’s desired trajectory and improve control stability.
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5.2. Sinusoidal Stagnation Conditions Simulation Experiment

The steering wheel angle input was set to carry out a single cycle of sinusoidal input
at a frequency of 0.7 Hz, with an amplitude of 150◦, a pause of 500 ms at the second wave
peak, and then a return to positive, as shown in Figure 9a. The vehicle had an initial speed
of 80 km/h and maintained that speed. The road adhesion coefficient was set as 0.85.
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Figure 9. Sinusoidal stagnation conditions test diagram. Figure 9. Sinusoidal stagnation conditions test diagram.

The simulation results are shown in the Figure 9 and Table 8. The electronic differential
control strategy developed in this paper demonstrated a peak stability parameter, |ek|, of
0.657, while the torque average distribution strategy exhibited a peak stability parameter,
|ek|, of 0.794, representing a 17.3% increase over the average torque distribution strategy.
Under these operating conditions, the average stability parameter, |ek|, of the designed
control strategy was 0.094, compared to 0.313 for the torque average distribution strategy,
marking a 70.0% increase. These results indicate that the electronic differential control
strategy designed in this paper can significantly extend the length of time a vehicle is in the
stability region and reduce the tendency toward instability.

Moreover, the strategy’s peak value of |β| in this paper was 0.152, with the peak value
of |β| for the torque average distribution strategy being 0.384, reflecting a 60.5% increase.
The strategy’s average value of |β| was 0.024, compared to 0.118 for the torque average
distribution strategy, resulting in a 79.7% improvement.

Additionally, the average difference between the actual and the desired yaw rates
with this study’s strategy was 0.084 rad/s, while the average with the torque average
distribution strategy was 0.271 rad/s, demonstrating a 69.0% enhancement. These findings
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suggest that the electronic differential control strategy designed in this paper can better
track the driver’s desired trajectory and improve the control stability.

Table 8. Simulation experiment’s data under the sinusoidal stagnation condition.

Equal Distribution
Method Phase Plane Method Effect of

Optimization

Peak of |ek| 0.794 0.657 17.3%
Mean of |ek| 0.313 0.094 70.0%
Peak of |β| 0.384 rad 0.152 rad 60.5%
Mean of |β| 0.118 rad 0.024 rad 79.7%

Mean of |∆ω| 0.271 rad/s 0.084 rad/s 69.0%

5.3. Serpentine Conditions Simulation Experiment

The vehicle’s initial speed was set to 100 km/h, and this speed was maintained.
The vehicle followed the route shown in Figure 10, where L is 30 m. The road adhesion
coefficient was set to 0.85.
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Figure 10. Car track diagram.

The simulation results are shown in the Figure 11 and Table 9. The peak value of |β|
for the strategy in this paper was 0.042, with the peak value of |β| with the torque average
distribution strategy being 0.046, reflecting an 8.4% increase. The average value of |β|
for the strategy was 0.021, compared to 0.023 for the torque average distribution strategy,
resulting in an 8.1% improvement.
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The average difference between the actual and the desired yaw rates with the research
strategy was 0.055 rad/s, while the average with the torque average distribution strategy
was 0.063 rad/s, demonstrating a 12.9% enhancement. These findings suggest that the
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electronic differential control strategy designed in this paper can better track the driver’s
desired trajectory and improve the control stability.

Table 9. Simulation experiment’s data under a serpentine condition.

Equal Distribution
Method Phase Plane Method Effect of

Optimization

Peak of |β| 0.042 rad 0.046 rad 8.4%
Mean of |β| 0.021 rad 0.023 rad 8.1%

Mean of |∆ω| 0.055 rad/s 0.063 rad/s 12.9%

5.4. Double-Lane Change Conditions Simulation Experiment

The vehicle’s initial speed was set to 100 km/h, and this speed was maintained. The
road adhesion coefficient was 0.85, and a double shift runway, as shown in Figure 12,
was used.
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The simulation results are shown in the Figure 13 and Table 10. The electronic differen-
tial control strategy developed in this paper demonstrated a peak stability parameter, |ek|,
of 0.557, while the torque average distribution strategy exhibited a peak stability parameter,
|ek|, of 0.657, representing a 1.8% increase over the average torque distribution strategy.
Under these operating conditions, the average stability parameter, |ek|, of the designed
control strategy was 0.093, compared to 0.099 for the torque average distribution strategy,
marking a 5.5% increase. These results indicate that the electronic differential control
strategy designed in this paper can significantly extend the length of time a vehicle is in the
stability region and reduce the tendency toward instability.

Table 10. Simulation experiment’s data under the double-lane change conditions.

Equal Distribution
Method Phase Plane Method Effect of

Optimization

Peak of |ek| 0.557 0.567 1.8%
Mean of |ek| 0.093 0.099 5.5%
Peak of |β| 0.217 rad 0.219 rad 1.1%
Mean of |β| 0.039 rad 0.041 rad 4.2%

Mean of |∆ω| 0.164 rad/s 0.175 rad/s 6.39%
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Figure 13. Serpentine conditions test diagram.

Moreover, the strategy’s peak value of |β| in this paper was 0.217, with the peak value
of |β| for the torque average distribution strategy being 0.219, reflecting an 1.1% increase.
The strategy’s average value of |β| was 0.039, compared to 0.041 for the torque average
distribution strategy, resulting in a 4.2% improvement.

Additionally, the average difference between the actual and the desired yaw rates
with this study’s strategy was 0.164 rad/s, while the average with the torque average
distribution strategy was 0.175 rad/s, demonstrating a 6.39% enhancement. These findings
suggest that the electronic differential control strategy designed in this paper can better
track a driver’s desired trajectory and improve the control stability.

6. Conclusions

This study focused on distributed drive electric vehicles and aimed to design an
electronic differential control strategy based on the phase plane method. To achieve this,
a MATLAB/Simulink and CarSim cosimulation platform was built. The control effect of
the electronic differential control strategy was compared to that of the average distribution
strategy. The simulation results demonstrate that the proposed strategy enhances a vehicle’s
handling and stability performances.

The division of the stability region of the phase plane needs to be estimated by the
double-line method or other methods. The accuracy of the estimation also affects the
accuracy of the control strategy. In follow-up research, the authors will continue to explore
improving the phase plane accuracy.
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