
 

  

Abstract--This paper discusses skid steering applied to 
four wheel drive electric vehicles. In such vehicles, steering is 
achieved by differentially varying the speeds of the lines of 
wheels on different sides of the vehicle in order to induce 
yaw. Skid steer wheeled vehicles require elaborate tire 
model, so I choose the unite semi-empirical tire model. From 
this model, longitudinal and lateral tire force can be 
calculated by slip ratio directly. The vehicle model has 3-
DOF, longitudinal, lateral and yaw direction, irrespective of 
suspension. Induction motor is chosen as the driven motor, 
and the control method is rotor flux field oriented vector 
control. To satisfy the requirement of the turn radius, the 
longitudinal slip must be controlled, so a method of slip 
limitation feedback is used in the simulation. When the 
vehicle is turning on a slippery surface, because of the drop 
at the coefficient of road adhesion, the drive wheels may slip. 
The traction control system reduces the engine torque and 
brings the slipping wheels into the desirable skid range. 
Some simulation results about the steering accuracy and 
maneuverability are given in the paper. 
 

Index Terms--Skid steer, electric vehicle, induction motor, 
vector control 

I.  INTRODUCTION 
S is known to all, for skid steering vehicle, all of the 
wheels are non-steerable, and lateral slippage must 

appear [1]. Skid steering can be compact, light, require 
few parts, and exhibit agility from point turning to line 
driving using only the motions, components, and swept 
volume needed for straight driving. However, as the turn 
radius decreases from straight driving to a point turn, 
greater power and torque are required as a greater sideslip 
angle is encountered. For all turns skid steering requires 
greater power and torque than for explicit turning because 
sideslip angles are greater in all cases. The lateral forces 
of skid steering are greater [2][3][4]. Fig. 1 shows the skid 
steer and explicit steer. 
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Fig. 1.  Skid steer and explicit steer 
 

Skid steering is accomplished by creating a differential 
velocity between the inner and outer wheels. There are 
three kinds of control strategies: with the inner wheels 
braked, by simultaneously speeding up the outer wheels 
and slowing down inner wheels, and by only speeding up 
the outer wheels [5]. It is found that the second method 
minimizes transients. 

The increasing prospect of electric drive vehicles and 
the development of individual wheel traction motors, 
opens up the possibility of designing higher performance 
skid steer systems [5]. The use of separate traction motors 
at each wheel implies that torque to each drive wheel can 
be controlled independently. This kind of wheels are 
known as motorized wheels, which permit packaging 
flexibility by eliminating the central drive motor and the 
associated transmission and driveline components, 
including the transmission, the differential, the universal 
joints and the drive shaft [6]. So it provides a system that 
is regenerative by nature, by using motor braking, the 
power absorbed at one wheel is available for application 
at an opposing wheel.  

By controlling the traction of each wheel individually, 
the vehicle yaw moment can be controlled directly [7]-
[12]. However, perfect control of those independent 
motors will be a critical issue in this configuration. 

In [6], a stability system in all-wheel-drive Electric 
Vehicle is introduced. The system comprises a fuzzy logic 
system that independently controls wheel torques to 
prevent vehicle spin. It also points out that yaw rate 
control of a vehicle by utilizing skid steering method is 
usually addressed as Direct Yaw-moment Control (DYC). 
It has been proved that DYC is more effective in 
enhancing vehicle stability than four wheel steering. 
Actually, the yaw moment resulting from difference in 
longitudinal tire force of left and right wheels is 
insignificantly influenced by lateral acceleration. On the 
contrary, the yaw moment generated by four-wheel 
steering decreases as the lateral acceleration increases.  
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    The steering performance of a 4WD skid steer vehicle 
is presented in [5], the author states that the actual turn 
radius will be larger than the desired value because of the 
wheel slip. 

In this paper, we develop a 4WD skid steering electric 
vehicle, which is driven by four separate induction motors 
in each wheel, Fig. 2 shows the configuration of the 
motorized wheels on one side of the vehicle. The unite 
semi-empirical tire model is developed here which is 
different from most papers in tire modeling where linear 
model is prevalent. To distribute the torque of each wheel 
well enough, the slip ratio is fed back to adjust the given 
speed of the driven motors, then the torque is distributed 
again in order to satisfy the driver command. The 
objective is to analyze the behavior of skid steering 
applied to 44 ×  electric vehicles when the inner and the 
outer wheel are given different speeds, the main 
characteristics are based on maneuverability, stability and 
the accuracy. 
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Fig. 2.  Configuration of motorized wheel 

II.  SKID STEERING SYSTEM 
The entire system consists of several models, including 

tire model, vehicle model, induction motor drive model 
and the slip limitation feedback controller. 

A.  Entire System 

 

Outer wheel reference speed

Inner  wheel reference speed

Torque 
distribution

Motor 
drive

Four 
induction 
motors

Skid steer EV
throttle

Steer wheel

Slip ratio
 

 
Fig. 3.  Entire system 

 
Skid steering electric vehicle model is shown in Fig. 4. 
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Fig. 4.  Skid steering electric vehicle model 

 
The radius of the turn can be calculated from similar 

triangles 
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Where desiredR  and desiredV are the desired speed and 
the turn radius, oV and iV denote the desired outer wheel 
speed and the inner wheel speed respectively, 
d represents the distance of the left and the right wheel. 

The input of the simulation system is the desired speed 
and the turn radius, then the inner and outer speed can be 
calculated from (1) and (2). 

B.  Tire Model 
Regardless of the inability of the linear model to 

provide the wheel tractive force, which is the most 
important factor is that the linear model could not 
properly describe the overall vehicle dynamic behavior in 
some driving conditions. It is well known that the most 
accurate tire model is the magic formula model, 
developed by Bakker et al. But it is also the one requiring 
the longest computation time for the determination for the 
coefficients. The tire model used in this simulation study 
is relatively more complex than in a simple linear model, 
which is called unite semi-empirical tire model. From this 
model, longitudinal and lateral tire force can be calculated 
by slip ratio directly. 

 
List of symbols: 
μ —tire-road total friction coefficient 

xV —longitudinal tire speed 

yV —lateral tire speed 

ω —wheel angular speed 

z
F —normal force 

R —tire radius 



 

0μ —tire-road static friction coefficient 

0
V —speed constant 

xk —tire initial infinitude relative longitudinal stiffness 

y
k —tire initial infinitude relative lateral stiffness 

y
E —tire force characteristic parameter 

fF — roll friction 

wF — wind friction 

xF — longitudinal tire force 

yF — lateral tire force 

m — mass of vehicle 
zI — moments of inertia about Z axis 

lf — distance from front axle to CG 
lr — distance from rear axle to CG 
d — distance between the left and the right wheel 
θ — yaw angle 

fM — roll resistance moment 

wJ — moment of inertia 
g — acceleration of gravity 
h — height of CG 

0C —wind block coefficient 
A — wind area 
γ — yaw rate 
f — roll resistance coefficient 
u — longitudinal speed of CG in fixed reference frame 
v — lateral speed of CG in fixed reference frame 

dT —electromagnetic torque of induction motor 

pn —number of poles 

 
The tire-road relative slip velocity sV and friction 

coefficient μ can be calculated by longitudinal 
speed xV and lateral vehicle speed yV and the wheel 

angular speed ω  which are illustrated in Fig. 5.  
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Fig. 5.  Wheel speed 
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With (3)-(9), we get the longitudinal tire force and the 
lateral tire force (10), (11).            
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C.  Vehicle Model 
The coordinate system of the car shown in Fig. 6 is 

based at the bottom of the wheel where the X coordinate 
is in the direction of wheel travel. The Y coordinate is 
parallel to the axis of the wheel’s rotation and the Z 
coordinate is perpendicular to the ground. 

 
 

Fig. 6.  Car coordinate system 
 

We develop a vehicle dynamic model by neglecting 
some effects introduced by suspension and tire 
deformation. 

The following assumptions are made: 
1) Vehicle is moving on the horizontal plane 
2) Vehicle speed is very low 
3) Vehicle has no vertical motion 
4) Vehicle has no pitch motion about Y axis or roll 

motion about X axis 
Referring to Fig. 7, ),( YXO defines a fixed reference 

frame and ),( yxCG is a moving frame attached to the 
vehicle body with origin at the center of mass CG. The 
center of mass is located at distances lf and lr from front 
and rear wheels respectively. The distance of left and 
right wheel is d . 

The weight transfers are taken into consideration in the 
vehicle model. The lateral tire forces are thought of as 
causing resistance to turning, which is overcome by the 
differential longitudinal (or tractive) forces between the  
two sides of the vehicle. The lateral and longitudinal tire 
force induced yaw moments are balanced to provide the 
indicated yaw acceleration. 
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Fig. 7.  Motion frame of skid steer EV 
 

The 3-DOF motion equations in the moving frame can 
be written in (12)-(14), where the subscript (1,1), (1,2), 
(2,1) and (2,2) indicate the front left (FL) wheel, the 
front right (FR) wheel, the rear left (RL) wheel and the 
rear right (RR) wheel separately. 
Longitudinal:  
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We can also get the torque equilibrium equations (15) 
of the four wheels from moments on a wheel in Fig. 8. 
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Fig. 8.  Moments on a wheel 
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The longitudinal speed and lateral speed of each 
wheel are given by (16). 
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The equations (17)-(23) can be derived from the 
vehicle locomotion 
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The heading angle 

∫ ⋅= dtγθ                                    (21) 

The longitudinal displacement in fixed reference 
frame  

∫ ⋅−⋅= dtvuX )sincos( θθ                   (22) 

The lateral displacement in fixed reference frame  

∫ ⋅−⋅−= dtvuY )cossin( θθ                 (23) 

     
 

D.  Induction Motor Drive 
Vector control of induction motors has been widely 

used in high performance drive system. Field oriented 

induction motor drive systems offer high performance as 
well as independent control on torque and flux. The rotor 
flux field oriented vector control has been used as the 
induction motor drive method.

 



 

E.  Slip Limitation Feedback Controller 
Desired turn radius will only be achieved if no 

slippage occurs between the wheel and ground [5], to 
satisfy the requirement of the turn radius, the 
longitudinal slip must be controlled, so a method of slip 
limitation feedback is used in the simulation. 

The desired turn radius is given in (1). 
The desired yaw rate 

d
VV io

desired
−

=γ                        (24) 

Where oV and iV  denote the desired outer wheel 
speed and the inner wheel speed respectively, 
d represents the distance of the left and the right wheel.  

Therefore 
  RV oo ⋅= ω                          (25) 

RV ii ⋅= ω                           (26) 
Where oω and iω represent outer and inner wheel 

angular speed. 
As is mentioned before, the longitudinal slip of the 

wheel is  
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The actual turn radius will be 

2)1()1(
)1()1( d

sVsV
sVsVR

iioo

iioo
actual ⋅

+−+
+++

=            (29) 

The actual yaw rate 

d
sVsVγ iioo

actual
)(1)(1 +−+

=            (30) 

When the vehicle turns, the outer wheel accelerates 
and the inner wheel decelerates, that is to say, for the 
outer wheel, the wheel rotate speed is greater than the 
wheel line speed, and for the inner wheel, the case is just 
reverse. So the longitudinal slip of the outer wheel os  is 
less than zero, and the inner wheel slip is  is greater than 

zero, from the equation of the actual turn radius, we can 
conclude that actual difference between the outer and 
inner speed will be less than the desired value, so the 
actual turn radius and yaw rate will be smaller than the 
desired values. 

To satisfy the requirements of the turn radius and the 
yaw rate, the difference between the outer and inner 
speed must be controlled. 

To increase the reference speed of the outer wheel 
and the inner wheel, the method of slip limitation 
feedback is used here. Firstly, the longitudinal slips of 
the four wheels are calculated and fed back to the 
reference speed controller, in the controller, the slips are 
limited to a range, then the reference speed are revised to 
a new value, and the output torque of the induction 
motor will be revised until the turn radius and the yaw 
rate reach to the desired values. 

The reference speed are revised to 
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Replacing oV  and iV in (1) and (24) by oreferenceV  and 

ireferenceV  respectively in the equations of actual turn 

radius and the yaw rate, then the actual turn radius and 
the yaw rate will be equal to the desired value. 

III.  SIMULATION RESULTS 
Fig. 10 shows locus of the EV for different turn 

radius with tire-road friction coefficient is 0.8, and Fig. 
11 to 14 illuminate the torque requirement for different 
turn radius for each wheel. We can see that the actual 
turn radius is well accordant with desired command from 
the driver, and as the turn radius becomes smaller the 
more torque is needed for each wheel at some constant 
speed.  

 

 
 

Fig. 10.  Locus of the EV for different turn radius 
 



 

 
 

Fig. 11.  Torque requirement of the FL wheel for different turn radius       Fig. 12.  Torque requirement of the FR wheel for different turn radius 
 

  
   

Fig. 13.  Torque requirement of the RL wheel for different turn radius       Fig. 14.  Torque requirement of the RR wheel for different turn radius 
 

IV.  CONCLUSIONS 
The paper describes a model for predicting the steering 

performance of a 4WD skid steer wheeled vehicle. The 
unite half-experience tire model is used here, which is 
more elaborate and the longitudinal and lateral tire force 
can be calculated by slip ratio directly. Induction motor is 
chosen as the driven motor, and the control method is 
rotor flux field oriented vector control. Slip limitation 
feedback controller is used to satisfy the requirement of 
the turn radius and the yaw rate. The simulation results 
show that the steering accuracy and maneuverability can 
be achieved, and the traction control system can adjust the 
motor torque to satisfy different road conditions. 
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