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Differential Speed Steering Control for Four-Wheel
Independent Driving Electric Vehicle
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Abstract—The increasing prospect of electric drive vehicles
has led many different control schemes to apply on the driving
system. In this paper, differential speed steering which do not
use traditional steering mechanism is studied on a
four-wheel-driving vehicle. By comparison with the traditional
Ackerman-steered vehicle, differential-steered method showed
its advantage on the simple structure. Since the steering
performance is just related with the velocities of four wheels, the
strategy of differential speed on each motor is the major
challenge. With the analysis of kinematic model of the vehicle,
the relation between the turning behavior and the wheel
parameters are investigated. A steering speed control method is
proposed to get a steady turning performance during the
acceleration or deceleration. The control strategy is
implemented in a simulation to verify its rationality.

Index Terms—Differential speed steering, four wheel

independent driving, electric vehicle.

I. INTRODUCTION

With the rapid development of electric vehicles (EVs), it
has been commonly recognized that EVs are inherently more
suitable to realize novel control over conventional internal
combustion engine vehicles (ICEVS). Especially for the EVs
with in-wheel motors installed in each tire can realize
distributed driving system. The use of separate traction
motors at each wheel implies that torque to each drive wheel
can be controlled independently. By making full use of the
excellent control capabilities of electric drive systems, EVs
could not only be clean, but also be able to achieve better
maneuverability that cannot be reached by conventional
ICEVs.

In traditional ICEVs, a steering mechanism is
indispensable for the turn motion. However, by using the
merit of individual wheel traction motors on the electric drive
vehicles, it opens up the possibility of using a differential
speed steering systems [1]. A simple scheme is shown in Fig.
1. Since gearbox, retarder, transmission and steering
mechanism are canceled from the four in-wheel motors
independent drive vehicle, it has flexible layout and more
efficient driving system. Using four in-wheel motors inde-
pendently to drive vehicle, the steering of the vehicle is
achieved by the differential speed controls on four wheels.
The minimum turning radius of differential speed steering can
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be zero when a spot turn is performed, which is impossible by
traditional steering method.

(a) Ackerman-steered vehicle

(b) Differential-steered vehicle

Fig. 1. Two kinds of steering methods

Differential speed steering is widely used in the navigation
of mobile robot [2]-[4]. The steady steering trajectory of the
mobile robot during the steering is not a main consideration,
while the human-driving vehicle should take into account.
Due to identical steering mechanisms, wheeled and tracked
skid-steered vehicles share many properties [5], [6]. Many of
the difficulties associated with modeling and operating in
these kinds of skid-steered vehicles arise from the complex
interaction between wheel and terrain. For Ackerman-steered
vehicles, the wheel motions may often be accurately modeled
by pure rolling, while for differential-steered vehicles, in
general, are modeled by curvilinear motion, the wheels roll
and slide at the same time [7]. This makes it difficult to
develop kinematic and dynamic models, which accurately
describe the motion characteristic. In [8] the comparison of
differential-steering and Ackerman-steering for mobile robot
is discussed. Vehicle can be steered through differential
braking which is to get a speed difference in similar thought
[91.

To obtain the desired turning radius is a difficult issue
during the differential speed steering. Since the steering
mechanism is using to implement the turn motion of tradi-
tional vehicle, the change of the wheel speed has no influence
on the performance of turn motion. However, the turn motion
during the differential speed steering is strongly coupled with
the wheel speeds. In this paper, the objective is to analyze the
behavior of differential speed steering applied to a four-
wheel-driving electric vehicle when the inner and the outer
wheel are given different speeds. To investigate the steering
performance and behavior, the control model of the differ-
ential speed steering is studied. Due to complex tire/ground
interactions and kinematic constraints, high speed driving will
not be considered in this paper. A kinematic model based on
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the geometrical relationship for vehicle is figured out. Based
on the vehicle model, Steering Speed Control (SSC) is
proposed to keep the turning curve in desired value during
acceleration and deceleration driving. The variable quantity
of left wheels and right wheels are concluded that should
satisfy a proportional relation. Differential speed steering
control strategy for four in-wheel motors independent drive
vehicle is performed to verify rationality of this method by
simulation.

W
Fig. 2. Ackerman-Jeantand steering model.

This paper is organized as follows. Traditional steering
method and the proposed differential speed steering is
compared in Section Il. The dynamic model and kinematic
relationship of the differential speed steering is introduced in
Section I11. In the Section 1V, to get a stable performance of
steering, the control strategy of the proposed model is
discussed. The conclusion and some discussions of future
work are described in Section V.

Il. DIFFERENTIAL SPEED STEERING

A. Traditional Steering Method

According to the Ackerman-Jeantand model [10] of
steering when vehicle is running in a low speed, as be shown
in Fig. 2, we define L is the distance between front and rear
wheel, W is the track width of the vehicle, ¢ is average steering
angle of two front wheels.

Depending on the above analysis, when the vehicle is
steered with an angle 4, the turning radius R can be expressed
by: L

- tano

From the Ackermann-Jeantand model, the kinematic
geometrical relation of the vehicle parameters during the
steering are expressed. The speed distributive relationship is
achieved by balancing the force of the four wheels. It can be
found that the turning radius of the wvehicle is mainly
influenced by the steering angle of the front wheels, and has
no relationship with the advance speed of the vehicle.

M

B. Differential Speed Steering

Steering by differential speeds between the left and right
wheels is widely used in the motion control of mobile robots.
Benefited from the in-wheel-motor, four-wheel independent

356

driving vehicle is suitable to take a similar control method.
The motion direction of this kind of electric vehicle can be
changed by rotating the left and right side wheels at different
velocities, which is called differential speed steering. This
steering mechanism makes the vehicle mechanically robust
and simple which provides a new way to realize the motion
control of electric vehicle.

Fig. 3. ODE-based Simulation for the vehicle dynamic.

To analyze the differential speed steering control system, a
simulator for four-wheel independent driving vehicle has
been developed in an Open Dynamics Engine (ODE)
environment. A screenshot is shown in Fig. 3. In the
simulation, the four wheels are driving by independent motor
and keeping the same orientation as the vehicle body. The
vehicle is running on a firm ground surface, and four wheels
are always in contact with the ground surface. The physical
parameters of the simulated vehicle are given in Table I.

TABLE I: PHYSICAL PARAMETERS OF THE SIMULATED VEHICLE

Body Length L: 2.6m
Body Width W: 1.4m
Body Hight H: 1.3m
Radius of wheel: 0.33m
Weight of body my: 400kg
Weight of wheel my;: 25kg
Total Weight m: 500kg
Friction coefficients: 0.8

To simplify, two wheels on each side of vehicle is assumed
to rotate at the same speed which is similar to the tracked
vehicle. For the differential speed steering, the turning
direction is determined by the side which has higher speed. If
we define Aw = wg - o, the vehicle will turn left when Aw > 0,
and the vehicle will turn right when Aw < 0. To get desired
speed difference, the control strategy can be implemented by
three methods. One is increasing the speed of outer wheel,
another one is decreasing the inner wheel speed, and the third
one is speeding up the outer wheels and slowing down inner
wheels simultaneously. Generally, from safety perspective,
the vehicle speed is required to be slow down or be steady
during the steering motion. So the latter two methods by
decreasing the inner wheel speed will be considered in most
situations. Three turning trajectories under different wheel
speed are shown in Fig. 4. It can be found the turning radius is
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increased corresponding to the decrease of the speed
difference Aw.
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Fig. 4. Trajectory of the four-wheel-driving vehicle under different speed
between left and right wheels (wg = 0.3).

I1l. MODELING OF VEHICLE STEERING

Fig. 5. Schematic of the kinematics model for a skid-steered vehicle.

A kinematic model of a differential-steered vehicle which
maps the wheel velocities to the vehicle velocities is very
important during the development of control strategy. To
mathematically analyze the dynamic models of the
differential speed steering, a schematic of four-wheel-driving
vehicle moving at constant velocity about an ICR
(instantaneous centers of rotation) is shown in Fig. 5. The
local coordinate frame, which is attached to the body center of
gravity, is denoted by L(x,y,z), where x is the lateral
coordinate, and y is the longitudinal coordinate.

A. Vehicle Dynamic

The mass center of the vehicle is assumed at the geometric
center of the body frame. The 3-DOF dynamic equations in
the body frame L(x,y,z) can be written in equation (2), where
the F* and F, indicate the longitudinal force and the lateral
force. In the suffixes to each force F, the first letter refers to
the left or right and the second to the front or rear. For
example, F; refers to the force acting on the left front wheel.

m and | are the mass and moment of inertia of the vehicle. W
and L are the width and length of the vehicle.

mX = FL? + FRXf + FLXr + FRXx +my,y

my=F} +Fy +F) +F) +my X

. X X X X W (2)
Iy, =(Fs +Fe + RS+ FRX)?

+(F)+Fy + R+ R

L
)5

In Fig. 5, signs such as f denote the angle between the body
axis and the moving direction of the vehicle. It is also can be
taking as the sideslip angle of the tire which refers to the angle
formed by the traveling direction and the surface of revolution
of the tire. If the wheel radius is defined as r, the longitudinal
and lateral force to the tire expressed in equation (2) is
expanded in the following equations:

Jo=T-F’r

3
FY=c.p 3)

where T is the driving/braking torque of the motor, J,, is wheel
inertia, w is wheel angular velocity, C, is the cornering power
of the individual tires.

B. Steering Kinematic

ICR denote the instantaneous center of rotation of the
vehicle body in Fig. 5. Based on the previous study, it is
believed the ICR is laid on a line parallel to the y-axis [2], [7],
[8]. In the local body coordinate, the longitudinal location
ICR, and the lateral location ICR, satisfies the following
constraints:

VO
ICR, =—-2
v, @
ICR, = o
v,

where v, and v,y are the velocity of the mass center of vehicle
body in longitudinal direction and lateral direction.

Define vg and v, be center linear velocities of right and left
vehicle wheels shown in Fig. 6. The radius of the turn can be
calculated from similar triangles:

Vi tVe
0oX 2
, =YV (5)
¥, W
ICR :V_VVL+VR
b2 v -y,

The instantaneous turning radius of the vehicle can be

expressed by
R, = 1flCRf + ICR;

In the local body coordinate, using equation (4) and

(6)
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equation (5), the kinematic relationship between the whole
vehicle and the wheel speed can be summarized as:

Fig. 6. Simplified kinematic model of the differential speed steering.
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Wheel slip plays a critical role in the behavior of the
differential speed steering. When the vehicle turns, the
longitudinal slip of the wheels on both sides will be different.
For the outer wheel, the wheel rotate speed is greater than the
wheel line speed due to acceleration, and for the inner wheel,
the wheel rotate speed is smaller than the wheel line speed due
to deceleration. The longitudinal slip will be greater than zero
in the inner wheel while be less than zero in the outer wheel.
To obtain the desired turning radius and the yaw rate, the
difference between the outer and inner speed must be

controlled in real time.
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Fig. 7. Relation between the turning radius and wheel speed.

IV. CONTROL FOR DIFFERENTIAL SPEED STEERING

From the analysis of the kinematic relation during the
differential speed steering, the turning radius has nonlinear
relation with the speed difference between the wheels on both
sides. Here a group of turning experiment under different
initial speed is carried out. The results are shown in Fig. 7. It
can be found that desired turning radius is difficult to

calculate from this complex nonlinear relationship.

To figure out the relation between the turning radius and
the rotation speed of wheels, we introduce a nondimensional
variable y as the ratio of sum and difference of left-side and
right-side wheel rotating velocities. It can be expressed as

oyt

P (1)

From the experimental results, we find that the turning
radius has a linear relation with the parameter y. A group of
the experimental data shown in Fig. 8 has demonstrated such
an observation. Here we set the right wheels rotating with a
fixed speed, and the left wheel will change its speed from the
zero to the same value as the right one. Therefore, we can use
equation (12) to evaluate desired turning radius.

R=Ky=KZ%* %
W — @

(12)

where K is a proportionality coefficient which can be
calculated by a curve fit of the experimental data. If wg = @,
then R = oo, and the vehicle is moving forward directly. If wg =
-wL, then R = 0, since the vehicle is performing in-place
rotating about its center without any translational motion.

Since the turning radius during the differential speed
steering is strongly coupled with the wheel speeds on both
sides, the steering performance is sensitive to the real-time
velocity of vehicle. During the steering, the acceleration or
deceleration of vehicle with simple speed variation will make
an oversteering or understeering. To keep stable turning
performance, the change of the speed in the both right-side
and left-side wheels should satisfy a proportional relationship.
If we define the change of the wheel speed on both side as Ax
and Ay, to keep the turning radius during differential speed
steering, the following equation should be satisfied:

a)R+AX+a)L+Ay:a)R+a)L (13)
Oy +MX—w, —AYy @y —@
14
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Fig. 8. Relation between the turning radius and wheel speed parameter v.

After simplification, if the change of the wheel speed Ax
and Ay satisfy the proportional relationship in equation (14),
the turning radius can keep the same. To facilitate the
following discussion, we call this Steering Speed Control
(SSC).

AX g

A_y o, (14)
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In Fig. 9, we show the steering trajectories of simulated
vehicle with SSC and without SSC. From the black circle, the
speed of vehicle is changed for acceleration or deceleration
until it reach white circle. An identical variable quantity (Ax =
Ay = 0.3rad) has been added on each wheel for the
acceleration trajectory. Meanwhile, for the braking trajectory
each wheel has an identical decrease of the speed (Ax = Ay =
-0.3rad). From the differential speed steering without SSC, it
can be found that the vehicle is oversteering or understeering
during the acceleration and deceleration. While the change of
the wheel velocity is based on the ratio relation in equation
(14), the vehicle can moving in the desired steering circle
steadily.

1
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" Brake Trajectory
Without SSC
\ Turn Trajectory
| With SSC
9 ! ! ! ! !
-10 -8 -6 -4 -2 0 2

Fig. 9. Steering trajectories of the vehicle with SSC and without SSC.

V. CONCLUSIONS AND FUTURE WORKS

A. Conclusions

By utilizing the benefits of the independent motor driving
electric vehicle, differential speed steering is studied to
replace traditional mechanical steering in this paper. When
the inner and the outer wheel are given different speeds, the
steering behavior of the four-wheel-driving electric vehicle is
analyzed in an ODE-based simulation platform. To solve the
problem of changed turning radius during the velocity
alteration, the kinematic model of steering based on the
geometrical relationship for vehicle is figured out. Based on
the vehicle model, Steering Speed Control (SSC) is proposed
to keep the turning curve in desired value during acceleration
and deceleration driving. The simulated results also verify the
rationality of control strategy for differential speed steering in
four in-wheel motors independent drive vehicle.

B. Future Works

During the differential speed steering with four wheels, the
minimum turning radius can be zero for a pivot steering. But
greater power and torque are required as a greater sideslip is
encountered. Wheel slip plays a critical role in kinematic and
dynamic modeling of the steering. Understanding the effect
slip of the differential-steering, we can optimize the torque
control of the motor to decrease the power consumption and
tyre wear. In the future work, the wheel/ground interactions
which directly provide traction and braking forces that affect
the steering stability and turning radius will be studied.
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