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Abstract: A collaborative control strategy for distributed drive electric vehicles (DDEVs) focusing on
differential drive assisted steering (DDAS) and active front steering (AFS) is proposed to address the
issues of sudden torque changes, reduced steering characteristics, and weak collaborative control
capabilities caused by the coupling of the AFS and DDAS systems in DDEVs. This paper establishes a
coupled dynamic model of the AFS and DDAS systems and, on this basis, designs AFS controllers for
yaw velocity feedback control and DDAS controllers for steering wheel torque control, respectively.
Additionally, it analyzes the interference factors of the two control systems and develops a collabora-
tive control strategy for DDAS and AFS; this control strategy establishes a corner motor correction
module, steering wheel torque correction module, and assistance correction module. Co-simulation
is carried out on Matlab/Simulink and the Carsim platform to verify the correctness of the model
under typical working conditions; to reduce the sudden change in the steering wheel torque caused
by AFS additional angle interventions; to improve the poor steering characteristics caused by DDAS,
introducing additional yaw torque; to greatly enhance the collaborative control effect; and to meet
the requirements for vehicle handling stability, portability, and safety.

Keywords: electric vehicle; distributed drive; DDAS; AFS; collaborative control

1. Introduction

DDEVs have the characteristics of a compact structure, efficient transmission, and
the independent and controllable driving and braking torque of each wheel. Therefore,
DDAS [1] can be achieved by controlling the driving force of each steering wheel to generate
a difference in the driving torque, which offsets the steering resistance torque. As a new
type of power assist system, DDAS can meet the requirements of vehicle steering, including
being lightweight and having steering “road sense” [2,3]; it can improve the active safety
of the vehicle. Meanwhile, the commonly used AFS system in vehicles can enhance the
operational stability and safety of the steering system by actively applying additional
angles to change the angular displacement transmission characteristics [4]. At present, inde-
pendent chassis control systems using DDAS or AFS alone are far from meeting consumers’
requirements for vehicle driving performance. Chassis-integrated control technology has
become a research focus in recent years due to the advantages of eliminating conflicts
between various systems and improving vehicle performance [5,6]. Therefore, a DDAS
system that integrates the active steering function represents an important development
direction for electric vehicle steering systems.

With respect to the research on DDAS systems, Wang, J. [7] proposed a hierarchical
coordinated control method for DDAS and vehicle stability control, which effectively im-
proved the handling stability of DDAS under harsh driving conditions. Zhong, Z.H. et al. [8]
proposed a steering wheel torque direct control strategy based on the reference steering
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wheel torque and designed a DDAS controller based on hub-motor-driven vehicles, which
improved handling stability and reduced the driver’s handling burden. Yu, Z.P. [9] pro-
posed a DDAS closed-loop control strategy based on the reference steering wheel torque as
the control objective, improving the vehicle’s steering portability. Lu, S.F. [10] proposed
a coordinated control method for electronic differential and DDAS. By distributing the
torque of the left and right wheel hub motors and setting weight coefficients, a coordinated
control strategy was designed to improve the handling stability and steering portability
of distributed drive electric vehicles. Wang, J.N. [11] introduced an active disturbance
rejection control method into the control issue of DDAS. This method can not only obvi-
ously reduce the steering wheel effort of the driver but also has a better non-linear control
performance with respect to the tracking accuracy and smooth road feeling of the driver.
Cheng, X.L. [12] proposed a coordinated control method considering lateral stability and
DDAS performance which improved the lateral stability and handling performance of
in-wheel motor drive electric vehicles. Although these studies have played an important
role in improving vehicle safety and handling stability, they have not considered the active
control effect of AFS on DDAS. In fact, the AFS system uses the displacement transmission
characteristics of the angle motor and a double-row planetary gear train (PGT). Through
variable steering ratio control and active steering intervention stability control [13], the
contradiction between low-speed steering portability and high-speed steering stability
is better solved so that the driver’s “sense of road” and the vehicle’s handling stability
are coordinated [14–16]. Gao, X.J. et al. [17] analyzed in detail the structure and working
principle of BMW’s AFS system as well as the control principle of the variable transmission
ratio and vehicle stability control. Sang, N. [18] proposed a method for AFS control for
vehicles based on an extended state observer and non-singular terminal sliding mode,
which effectively improved vehicles’ handling stability. Li, S.S. [19] proposed an improved
linear time-varying model predictive control method based on a non-linear tire model. This
method can expand the stability range of AFS vehicles and improve the stability of AFS
vehicles under extreme operating conditions. Zhang, N.N. [20] proposed a multi-objective
optimization coordinated control method for the anti-lock braking system and AFS based
on multi-agent model predictive control. It improves the safety and stability of DDEVs
when braking on low-adhesion roads or off-roads. Therefore, integrating AFS for active
control can achieve higher security and the coordinated control of DDAS systems. However,
after integrating into the AFS system, the DDAS system achieves assistance by changing the
driving torque of the wheels on both sides of the front axle. At the same time, a yaw couple
moment is introduced to affect the yaw velocity gain of AFS for a variable transmission
ratio, thus changing the dynamic characteristics of the steering system.

Many scholars have also explored and studied this. Wang, C.Y. [21] designed an ideal
steering ratio for an AFS system with a fixed yaw velocity gain and proposed an additional
angle closed-loop control strategy for AFS based on this law. Zheng, H.Y. [22] used the
fuzzy PID control algorithm to study the variable steering ratio of the AFS system and
proved that the designed variable steering ratio law can effectively improve the “low-
speed steering flexibility” and “high-speed steering stability” of vehicles. Shang, G.G. [23]
analyzed the working principle of the double-row PGT of the AFS system, reasonably
selected the yaw velocity gain within the ideal range, and verified the effectiveness of the
designed variable transmission ratio of the AFS system. To fit the variable transmission ratio
curve, Zhou, B. [24] designed an adaptive and improved variable transmission ratio curve
by using the fuzzy reasoning method, expanded the variable transmission ratio function
to the level of stability control, and improved the stability and safety of vehicles when
driving on low-adhesion roads. Wang, C. [25] found, in the design process of the steering
ratio, that maintaining a steady-state vehicle system gain as the vehicle speed increases is
beneficial for improving the driver’s driving experience while maintaining vehicle stability.
At the same time, an active steering intervention by the AFS system can easily lead to
sudden changes in steering wheel torque [26–29], disrupting the good road feel of the
original DDAS system, causing driver discomfort and interference, thereby affecting the
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stability of the steering system and not conducive to driving safety [30]. Wang, J.N [31]
developed a differential collaborative active steering control strategy for an electric wheel
front axle independent drive vehicle to reduce the sudden change in steering wheel torque.
Wang, J.N. [32] proposed a differential cooperative active steering system control method
for electric wheel front axle independent drive vehicles, and it can effectively weaken the
sudden torque change of the steering wheel controlled by the DDAS system when the
AFS system intervenes and ensure that the driver has a good road sense. At present, the
effectiveness of these studies in suppressing sudden changes in steering wheel torque is
not ideal, and further research is still needed.

Therefore, this paper proposes a control strategy for the collaborative control of DDAS
and AFS in DDEV. Based on establishing a coupled dynamic model of the AFS system and
DDAS system, a driver model is established, and control strategies for the two subsystems
are developed separately, based on analyzing the factors that interfere with each other
between the two subsystems, developing DDAS and AFS collaborative control strategies.
The co-simulation is carried out on Matlab/Simulink and Carsim platforms to verify the
correctness of the model under typical working conditions and improve the vehicle’s
handling stability and steering portability.

The remainder of this article is organized as follows.
In Section 2, the system structure and model are established. In Section 3, the Control

Strategy of the AFS System for Yaw Velocity Feedback is based. Section 4 establishes the
DDAS System Control Strategy for steering wheel torque. In Section 5, the AFS Integrates
DDAS Collaborative Control Strategy is set. In Section 6, the simulation experiment results
are discussed. In Section 7, the conclusion is provided.

2. System Structure and Model
2.1. System Structure and Implementation Principle

The structure of the DDAS integrated with the AFS is shown in Figure 1, in which the
system adds one angle motor and one double-row PGT to the DDAS system. According to
the functions achieved by the active steering actuator motor, the active steering actuator
motor is abbreviated as an angled motor. The double-row PGT [33] is shown in Figure 2.
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for the upper row star gears. 

In the active steering system, the front wheel angle is jointly controlled by driver in-
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2.2. System Dynamics Model

The steering wheel and column models are:

Jc
..
δsw + Bc

.
δsw + Kc(δsw − δc) = Tsw (1)

Tc = Kc(δsw − δc) (2)

where Jc and Bc are the equivalent inertia and damping coefficients of the steering wheel
and column; δsw and Tsw, respectively, refer to the steering wheel angle and torque; Kc is
the torsional stiffness of the steering column; and δc and Tc are the input angle and torque
for the upper row star gears.

In the active steering system, the front wheel angle is jointly controlled by driver
input and motor input [34]. The additional steering angle δm applied by active steering is
linearly superimposed with the steering wheel angle δc through a double-row PGT, and
the superimposed steering shaft angle is δs

δs =
1
is

δc +
1

imGh
δm (3)

YR = rpδc (4)

where is is the transmission ratio between the sun gears of two planetary gear systems (1 in
the text); im is the transmission ratio from the planetary gear to the output wheel; Gh is the
worm gear reduction ratio from the motor to the gear ring reduction mechanism; δc is the
angle of rotation applied by the driver to the steering column; and δs is the superimposed
steering angle obtained on the steering column. YR is the displacement of the gear rack. rp
is the radius of the pinion.

According to the principle of torque balance, the motor Equations of motion can
be established:

Jm
..
δm + Bm

.
δm + Km(δm −YR/rpim) = Tm (5)

Tm = Kti0 (6)

where Jm is the moment of inertia of the motor shaft, δm is the additional angle, Bm is the
damping coefficient of the steering shaft, and Km is the rigidity coefficient of the motor
output shaft; YR is Rack displacement, im is the transmission ratio of the electric motor
reduction mechanism; Tm is the motor torque, Kt is the motor torque coefficient; i0 is the
target current of the motor;

Rack and pinion translational model:

MR
..
YR + BR

.
YR + ηB(

TKL1

NL1
+

TKL2

NL2
) = ηF

Tc

rp
(7)

Rotation motion model of the left turn wheel around its kingpin:

JFW1
..
δFW1 + BFW1

.
δFW1 + CFFW1 + ATS1 = TKL1 (8)

Rotation motion model of the right steering wheel around its kingpin:

JFW2
..
δFW2 + BFW2

.
δFW2 + CFFW2 + ATS2 = TKL2 (9)
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Tkp1 = Kkp1(
YR
Nl1
− δFW1) (10)

Tkp2 = Kkp2(
YR
Nl2
− δFW2) (11)

ηF and ηB, respectively, represent the forward and reverse transmission efficiency of
the steering gear; MR and BR, respectively, are the mass and damping of the steering gear
rack, TKL1 and TKL2 are the torque transmitted by the left and right steering wheel kingpins;
Kkp1 and Kkp2, respectively, are the torsional stiffness of the left and right steering wheel
kingpins, NL1 and NL2, respectively, refer to the transmission ratios of the left and right
steering wheels of the steering gear; JFW1 and JFW2 are, respectively, the moment of inertia
of the left and right steering wheels around their kingpins; BFW1 and BFW2 are the viscous
damping of the left and right steering wheel kingpins. δFW1 and δFW2 refer to the left and
right steering wheel angles; CFFW1 and CFFW2 are, respectively, the dry friction torque of
the left and right steering wheels around the kingpin; ATS1 and ATS2 are the return torque
of the left and right steering wheels around the kingpin.

2.3. Two Freedom Vehicle Reference Model

Establish a two-degree-of-freedom vehicle reference model for lateral and yaw motion,
and establish a two-degree-of-freedom vehicle model, as shown in Figure 3.
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The differential equation of vehicle motion with two degrees of freedom can be
expressed as: {

(k1 + k2)β + 1
u (ak1 − bk2)ωr − k1δ f = m(

.
v + uωr)

(ak1 − bk2)β + 1
u
(
a2k1 − b2k2

)
ωr − ak1δ f = Iz

.
ωr

(12)

where Iz is the moment of inertia of the car rotating around the z-axis; m is the mass of the
entire vehicle; k1 is the front wheel lateral stiffness; k2 is the rear wheel lateral stiffness; ωr
is the yaw velocity of the vehicle during steering; δf is the front wheel angle of the car; a,
b is the distance from the front and rear axles to the center of mass of the vehicle; u is the
speed of the car along the x-axis direction, which is the forward speed of the vehicle. v is
the lateral speed of the car.

2.4. Driver Model

A closed-loop single-point preview PID driver model based on vehicle lateral accelera-
tion input has been established [35], as shown in Figure 4. This model has high calculation
accuracy, simple parameter adjustment, and avoids the complex calculation of vehicle
characteristic parameters.
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3. AFS System Control Strategy Based on Yaw Velocity Feedback
3.1. Design of Variable Transmission Ratio Curve

When the vehicle’s yaw velocity gain or lateral acceleration gain is a fixed value, the
steering characteristics of the car are stable [36]. Therefore, during vehicle operation, it is
necessary to integrate the control laws of steady-state yaw velocity gain and steady-state
lateral acceleration gain to design an ideal variable transmission ratio curve [37,38] due to
different vehicle speeds having other requirements for the angular displacement ratio of
the steering system. The speed (u ∈ [0,120]) is divided into low-speed, medium-speed, and
high-speed zones according to the research needs. In the low-speed zone (u ∈ [0,20]), the
fixed transmission ratio is adopted to realize the light steering at low speed. In the high-
speed zone (u ∈ [70,120]), the driver adjusts the vehicle’s driving state by slightly turning
the steering wheel when the car is driving in a straight line at high speed. However, even
minor steering wheel disturbances can cause a large yaw velocity of the vehicle. Therefore,
setting the transmission ratio higher makes the steering system sluggish, achieving the
stability of the vehicle’s handling.

The ideal transmission ratio law using a combination of fixed yaw velocity gain and
set lateral acceleration gain:

i =


9.6 (u ∈ [0, 20])
u u/L

1+ m
L2 (

a
k2
− b

k1
)u2

1
Gay

(u ∈ [20, 70])

Cwru u/L

1+ m
L2 (

a
k2
− b

k1
)u2

1
Gay

+ Cayu u/L

1+ m
L2 (

a
k2
− b

k1
)u2

1
Gay

(u ∈ [70, 120])

(13)

Cwr and Cay are the weight coefficients in the equation, and Cwr + Cay = 1. Gay is the
fixed lateral acceleration gain. Gwr is the yaw rate gain. By setting two weight coefficients,
the variable transmission ratio adjusts the smooth transition, making the variable transmis-
sion ratio curve silky and smooth. To achieve slight changes in the transmission ratio in the
high-speed zone, Cwr = 0.2 and Cay = 0.8 are taken. The transmission ratio curve is shown
in Figure 5. According to the variation characteristics of the variable transmission ratio in
Figure 5, it can be seen that by adjusting the size of the fixed yaw velocity gain. When the
final yaw velocity gain is determined to be Cwr = 0.2, the transmission ratio changes most
smoothly in the high-speed range, and at a speed limit of u = 70 km/h, the variation of the
transmission ratio curve is the smoothest, meeting the design requirements of the variable
transmission ratio curve.

3.2. AFS Control Strategy

For the AFS system, by controlling the steering of the AFS executing motor, the angle
of the steering shaft can be increased or decreased; that is, a positive or negative auxiliary
angle can be input based on the angle input by the driver to change the angle of the front
wheel. The basic principle is shown in Figure 6.
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4. DDAS System Control Strategy Based on Steering Wheel Torque
4.1. Assistance Characteristic Curve

While driving the vehicle, the driver corrects the vehicle assistance through the road
sense feedback information to ensure the efficient and safe operation of the car. However,
reducing steering wheel torque through aid will result in blurred road sense information.
Therefore, establish an ideal MAP of reference steering wheel torque, vehicle speed, and
steering wheel angle to determine the ideal steering wheel torque [1], as shown in Figure 7.
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4.2. DDAS Direct Control Strategy

Based on the DDAS principle and DDAS assisting characteristic curve, this paper
designs a steering wheel torque direct control strategy. This strategy utilizes the torque
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difference between the left and right front wheels to generate assistance and apply it to
the steering system. It controls the deviation between the actual steering wheel torque Td
and the reference steering wheel torque Tdi. The assistance correction module has been
developed to adjust the driving torque difference in real time to eliminate the adverse
effects of tire nonlinearity and other factors on the power assist system. This ensures
that the DDAS system produces the expected power assist characteristics. The schematic
diagram is shown in Figure 8.
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5. AFS Integrates DDAS Collaborative Control Strategy
5.1. Analysis of the Interaction Mechanism between Two Systems
5.1.1. DDAS Impact on AFS Performance

The DDAS system changes the torque difference between the drive wheels on both
sides of the front axle to achieve DDAS. However, an additional yaw moment is introduced
at the same time, which affects the yaw motion of the vehicle:

Mzd = (Fx2 − Fx1) ∗ B (14)

Izωr = Fy1a− Fy2b + Mzd (15)

where Fx1 and Fx2 are the longitudinal forces exerted by the left and right wheels of the
front axle on the vehicle along the vehicle coordinate system; B is the tread; Iz is the moment
of inertia of vehicle yaw motion; ωr is the vehicle’s yaw velocity, Fy1 and Fy2 are the sum of
the lateral forces exerted on the car by the front and rear axles along the vehicle coordinate
system, respectively, a and b, the distance from the center of mass to the center of the front
and rear axles.

The steady-state yaw velocity gain of the vehicle can be expressed as:

Gwr =
ωr

δsw
=

U/L
1 + KU2

1
i

(16)

where K is the stability factor, and i is the total transmission ratio of the steering system. As
can be seen from the equation, the introduction changes the magnitude of the value, which
is determined by the ideal steering wheel angle transmission ratio based on AFS, thereby
affecting the dynamic characteristics of the steering system.

5.1.2. The Impact of AFS on DDAS

The effect of the AFS system is that the additional Angle applied by the active steering
intervention changes the angular output of the steering pinion and then changes the
angular displacement ratio of the total steering system. Active steering intervention can
cause changes in the return torque, leading to sudden changes in the steering wheel torque.

When additional angle intervention is applied to active steering, the steering gear
pinion angle is:

δs =
1
is

δc +
δm

Gafs
(17)

make
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im · Gh = Ga f s (18)

Gafs is the equivalent reduction ratio of the transmission ratio from the planetary gear
to the output wheel and the worm gear reduction ratio from the motor to the ring gear
reduction mechanism.

Combined with the two-degree-of-freedom vehicle model, the transfer function from
the steering pinion angle to the steering resistance moment [30] is derived as follows:

TR(s) =
P(s)
Q( s)

δs(s) (19)

Derive the sudden change in steering wheel torque [30]

Ta f s(s) =
P(s)
Q( s)

Ga f sδs(s) (20)

The amount of torque mutation hurts the driver’s road sense, which will cause the
driver discomfort, besting, and even lead to safety accidents.

5.2. Coordinated Control Strategy Design

The coordinated control strategy developed in this article is shown in Figure 9. Develop
an angle motor correction module based on yaw velocity feedback control to eliminate
the impact of the DDAS system on vehicle steering characteristics. A correction turning
angle has been added based on the theoretical turning angle to make the vehicle’s steering
process closer to the ideal turning. Develop a steering wheel torque correction module to
eliminate sudden torque changes and severe steering wheel shaking during AFS system
intervention. Design a power assist correction module to eliminate the adverse effects of
tire nonlinearity and other factors on the power assist system, ensuring the effectiveness of
DDAS power assistance.
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6. Simulation Analysis and Verification

To verify the effectiveness of the strategy, Carsim and MATLAB/Simulink co-simulation
were carried out in this paper. The main simulation parameters are shown in Table 1.

Table 1. Steering system parameters.

Parameter Unit Value

Moment of inertia steering shaft Jc/(kg.m2) 0.04
Steering shaft damping coefficient Bc/(Nm.s/rad) 0.0225

Steering shaft torsional stiffness Kc/(Nm.s/rad) 150
Pinion radius rp/m 0.0078

Moment of inertia of reducer Je/(kg.m2) 0.6
Damping coefficient of reducer Be/(Nm.s/rad) 0.02

Motor moment of inertia Jm/(kg.m2) 0.006
Motor reduction mechanism steering ratio im 30

Forward transmission efficiency of steering gear ηF 0.9
Reverse transmission efficiency of steering gear ηB 0.7

Kingpin inclination angle σ/(◦) 8
Kingpin caster angle τ/(◦) 3

Lateral offset of the main pin rσ/(◦) 0.07

6.1. Verification of Double Lane Change

To verify the effectiveness and feasibility of the coordinated control strategy developed
in this article and whether DDAS reduces its impact on AFS, a double lane change test
was conducted at 60 km/h. As shown in Figure 10, there is an error diagram between
uncoordinated and coordinated effects. From the figure, it can be seen that the average error
after coordination decreased by 0.01 rad/s compared to without coordination. The average
error confirms the effectiveness of the coordination strategy for the vehicle, meets the
conditions of use of the vehicle stability control system, and avoids vehicle safety accidents
when turning. Table 2 shows the variation of peak value before and after yaw velocity and
front wheel angle coordination. As seen from Figure 11 and Table 2, The peak value of
vehicles with coordinated control is reduced by 4% compared to those without coordinated
control, and cars with coordinated control can better track the ideal yaw velocity. The
peak value of AFS working alone is reduced by 2.4% compared to the uncoordinated peak
value. When the DDAS system is working, the introduction of yaw moment leads to an
increase in yaw rate, which affects the lateral stability of the vehicle and thus affects its
steering characteristics.
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Table 2. Coordinate peak changes before and after.

Parameter Incoordination Coordination

Yaw velocity/(rad) 0.326 0.313
Front-wheel angles/(◦) 6.062 5.591
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Figure 11. Comparison of yaw velocity.

Figure 12 shows a comparison of the front wheel angle, where the peaks and troughs
with coordination are reduced by 7.8% compared with those without coordination. The
decrease in front wheel angle reduces steering resistance, thus reducing the demand for
assistance. Figure 13 shows that the difference in driving torque between the left and
right front wheels using coordinated control has been reduced by 42%, demonstrating the
effectiveness of coordinated control.
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6.2. Verification of Angle Step Input

To verify whether the coordinated control strategy developed in this article can reduce
the impact of the AFS system on the DDAS system, perform step condition verification on
the steering system. Perform step condition verification at a speed of 60 km/h. Starting
from second 2, turn the steering wheel to 57◦ after fixing. As can be seen from Figure 14,
the peak and trough of steering wheel torque with coordinated control is reduced by about
6.7% compared with that without coordinated control, effectively suppressing the problem
of steering wheel torque sudden change during AFS system operation. The coordinated
control strategy developed in this paper has a steering wheel torque correction module.
Figure 14 shows that the steering wheel torque with coordinated control is reduced by
0.32 Nm. As can be seen from Figure 15, compared with the one without coordinated
control, the torque of the left and right front wheel drive is reduced by 44.7% when using
coordinated control. This is because this strategy has a power correction module, which
increases the power demand.
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7. Conclusions

1. A coupled dynamic model of the DDAS system integrating active steering func-
tion was established. On this basis, an AFS controllers based on yaw velocity feed-
back control and DDAS controllers based on steering wheel torque control were
designed, respectively;

2. The factors and causes of mutual interference between DDAS and AFS systems were
analyzed, and a collaborative control strategy for DDAS and AFS was developed. A
corner motor correction module was built to correct the corners to reduce the impact of
the DDAS system on vehicle steering performance. A steering wheel torque correction
module was established to correct the steering wheel torque to reduce the effects of
AFS on the DDAS system. A power correction module has been built to enhance the
collaborative control effect;

3. In the co-simulation, the yaw velocity with coordinated control decreases by 4% com-
pared with that without coordinated control under the double-shift condition. The
peak value of AFS working alone is reduced by 2.4% compared to uncoordinated
work. Under step operating conditions, the steering wheel torque using coordi-
nated control is reduced by 0.32 Nm. The strategy’s effectiveness was verified under
typical operating conditions, and it improved the vehicle’s handling stability and
steering portability;

4. This article provides a coordinated control strategy that is valuable for developing a
DDAS system that integrates AFS. In future scientific research, it will be necessary
to address the impact of DDAS on stability. Based on the characteristics of AFS and
DYC systems, the coordinated control strategy of the system needs to be improved to
prioritize ensuring the stability of vehicles during driving.
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