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ABSTRACT

Robotic tasks call for a range of steering activity: one extreme is highway driving with
negligible turning for hundreds of kilometers; another is steering for battlefield robots,
which call for agile turning. System modeling and simulation are more widely used in
robotic vehicle engineering to reduce development time, improve the design and
miniaturization of complex systems. This thesis research mainly focuses on steering
system modeling and simulation. It also reviews different steering schemes that are used
for robotic vehicles and battlefield robot vehicles such as the XUV. Steering systems that
are modeled and simulated are skid steering and four wheel steering. A dynamic model is
developed for a skid steered robot ATRV-Jr considering lateral forces and longitudinal
resistance. It is followed by a Matlab simulation of the state variables. Results of the
Matlab simulation are compared to the results obtained from ADAMS simulation of the
solid model of the ATRV-Jr. Then the concept of four wheel steering is introduced for
the XUV. A basic steering system model is developed using steering system dynamics for
four wheel steering. A Matlab simulation of this model is done to check the stability of
the system. It is followed by vehicle handling characteristics of the XUV for the four-
wheel steering system and its Matlab simulation. Finally, a four-wheel steering model of
XUV is developed in ADAMS for dynamic motion analysis. The results of dynamic

motion analysis are discussed for future research.
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CHAPTER 1
INTRODUCTION AND FUNDAMENTALS OF STEERING
1.1 Introduction

Mobile Robotics research can be divided into the following potential areas:
1) Advanced Perception
2) Advanced Control Architecture

3) Vehicle Dynamic Modeling, Simulation and Experimentation

The research focus in this thesis is on dynamic modeling, 3D solid modeling, and
simulation. Pro-E and ADAMS are used extensively for 3D solid modeling and dynamic
simulation. Matlab and Simulink are used for theoretical simulation. A prototype robot

called the ATRV-Jr is used for validating some the results from theoretical simulation.

This Research involves three sections:

1) Dynamic Modeling and Simulation of prototype robot ATRV-Jr
2) Modeling and Analysis of four wheel steering for XUV

3) Computer Simulation of Four wheel steering

Steering geometry and various configurations of possible steering mechanisms are
discussed. Various steering schemes are compared on the basis of maneuverability,
power requirements, control system requirements, etc. It is followed by dynamic
modeling of skid steered robot such as the ATRV-Jr. A Matlab simulation is performed
and the results are compared with a dynamic analysis using ADAMS. Chapter 4 discusses

some of the ideas for 4 wheel steering which can be used on the XUV. Chapter 5 is



devoted to the steering system dynamics and a relation between steering angle and input
voltage is developed. Vehicle handling characteristics are discussed in next section and

finally a four wheel steered model and it’s dynamic analysis using ADAMS is discussed.

1.2 Fundamentals of Steering

This section examines fundamentals of steering and the concept of Instantaneous Center

of Rotation.

Figure 1.1 shows instantaneous position of a four-wheeled vehicle.

Yo A

I

Figure 1.1 ICR concept

Wheel axes must intersect at a point if there is no slipping. This point, I, is the Instant

Rotation Center (IRC) for vehicle movement relative to the surface.



1.1 Three-wheeled robot steering study

Figure 1.2 Three-wheeled mobile robot steering

We assume that there is no slip. Each wheel velocity is perpendicular to its rotation axis.
In this case, wheels A and B have the same rotation axis. The IRC is situated at the
intersection of A (or B) and C wheel axes. Note that V', #Vp # V-, so the three wheels
have to be independent to rotate at different velocities. This means that if the three-

wheeler is a rear wheel drive, a differential is needed between the rear wheels. If there are

three driving wheels, a second differential is required between front and rear.

Displacement

Figure 1.3 Trailer like vehicle steering



Figurel.4 Geometric analysis

1.2 Trailer like vehicle steering study (Fig. 1.4)

In this case, wheels A - B and C - D have the same rotation axis. The IRC is situated at
the intersection of A (or B) and C (or D) wheel axes. Note: V, #Vp #V- 2V so the
four wheels have to be independent to be able to rotate at different velocities. This means
that if the vehicle is a rear wheel drive, a differential is needed between the rear wheels.

If it is a four-wheel drive, two more differentials are required.

Displacement

—

D

Fig 1.5 Four wheeled, two steering wheels



1.3 Four-wheeled, two steering wheels study

If the steering wheels remain parallel during steering as shown in Figure 1.6, there is no
single intersection point; this is incompatible with the no slip hypothesis. In this case, at
least one velocity vector must have a different direction. This implies that at least one
wheel slips to allow the vehicle to move. A solution is to use a different steering angle for

each steering wheel. The angle between steering wheels is called Ackermann angle.

..Il-- "

Figure 1.6 Parallel steering kinematic study

1.4 Non Parallel Steering wheels

With a correct differential steering angle, the IRC exists and can be found the same way
as previously. The IRC is situated at the intersection of A (or B) and C (or D) wheel axes.
Because of the perfect grip, the differential steering angle must be such that the three
wheel axes intersect at the same point (the IRC). Note: the 4 wheels have to be
independent to be able to rotate at different velocities. This means that if the vehicle is a
rear-wheel drive, a differential is needed between the rear wheels. If it has four-wheel

drive, two more differentials are required.



Figure 1.7 Non parallel steering

1.5 Four wheeled vehicle with four steering wheel

Displacement
A D
GI
1
B C

Figure 1.8 Four-wheeled vehicle with four steered wheels



1.6 Parallel Steering study

If the steering wheels remain parallel during steering (Figure 1.9), there is no single
intersection point. This is incompatible with the no slip hypothesis. In this case, at least
two velocity vectors must have a different direction. This implies that at least two wheels
slip to allow the vehicle to move. A solution using a different steering angle for each
steering wheel can be used. The angle between the steering wheels is called the

Ackerman angle.

Figure 1.9 Four-wheeled vehicle with parallel steering

1.7 Nonparallel Steering

With correct steering angles, the IRC exists and can be found. Compared to the previous
case, this kind of steering (Figure 1.10) permits an IRC to be located anywhere in the

plane. Again, the differential steering angle must be correct.



Figure 1.11 Arbitrary IRC location for nonparallel steering

There are some special cases that warrant separate attention .

Figure 1.12 Special cases of nonparallel steering



1.8 Steering System for XUV

An XUV type vehicle is used for reconnaissance, combat operations, and operation on
unprepared terrain. Terrain could vary from ice to mud or sand. Steering schemes that can

be considered are

1) Independent (explicit) steering: Independent steering explicitly articulates each of the
wheels to the desired heading. Apart from the issues of actuation complexity and
accuracy of coordination control, this scheme provides advantages to the maneuverability
of mobile robots, especially those operating in unprepared terrains. A common variation
of independent all-wheel steering, not attainable by the other schemes, is crab steering in
which all wheels turn by the same amount in the same direction. As a result, the robot can
move in a sideways fashion. Coordination of driving and steering allows efficient

maneuvering and reduces the effect of internal losses due to actuator fighting.

2) Ackerman Steering: The most common type of steering on passenger cars is Ackerman
steering that mechanically coordinates the angle of the front two wheels. In order to
maintain all wheels in a pure rolling condition during a turn the wheels need to follow
curved paths with different radii originating from a common center. Advantages of
explicit steering include more aggressive steering with better dead reckoning (due to less
slip of the wheels) and lower power consumption. The downside of explicit steering is a
higher actuator count, part count, and the necessary swept volume. Articulated frame
steering is prevalent in large earth moving equipment. The heading of the vehicle changes
by folding the hinged chassis units. For large vehicles, articulated frame steering has the
advantage of allowing the vehicle to be significantly more maneuverable than a vehicle
with coordinated steering. Articulated frame steering has the advantage over skid steering

in that during a turn the maximum thrust provided by the traction elements is maintained.

3) Skid steering: 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. Skid steering is achieved by creating a differential thrust

between the left and right sides of the vehicle thus causing a change in heading. This is an



effective and easy solution to steering the robot. However, it is not as accurate as other
steering methods; certain characteristics including friction, wheel slippage and other
unpredictable attributes can cause problems. This steering configuration is a special case
where the bisectors of the wheels do not intersect and wheel slip is exploited to cause the
robot to rotate. The downside is that skidding causes unpredictable power requirements
because of terrain irregularities and non-linear tire-soil interaction. Skid steering also fails
to achieve the most aggressive steering possible, which can be achieved with explicit

steering because the maximum forward thrust is not maintained during a turn.

INDEPENDENT COORDINATED FRAME SKID AXLE
EXPLICIT (Ackerman Type) ARTICULATED ARTICULATED

r's

&L
B L H I

Figure 1.13: Kinematics of major steering types (Source: Ref 10)

4) Passively articulated axle: This type of steering is performed by adding a free pivot to
one of the vehicle axles. It is commonly found in wagons or carts. One disadvantage of
single axle steering is that the wheels run in separate tracks when going around curves.
Under difficult ground conditions this requires increased drive propulsion as each wheel
is driving over fresh terrain. The advantages include mechanical simplicity, relatively low
steering power, and moderate maneuverability.

Table A shows a comparison of all types of steering based on parameters such

maneuverability, mechanical complexity, control system requirements etc.

10



Table A Steering system evaluation for XUV

Independent | Coordinated | Frame Skid Axle
Explicit Ackerman Articulated Articulated
Maneuverability | med/high med med high med
Mechanical med med/high low low low
complexity
Control low med/low med low med/high
complexity
Power med med/low med high low
Number of 4 1 1 0 0
joints for
steering

11




2.1 Dynamic Modeling

We develop a vehicle dynamic model by neglecting some effects introduced by
suspension and tire deformation. We follow the standard SAE vehicle axis system as

shown in figure 2.2.

Figure 2.2 Vehicle axis system

2.2 Equations of Motion

The following assumptions are made:
1) Vehicle is moving on the horizontal plane
2) Vehicle speed is very low
3) Longitudinal slippage neglected
4) Lateral force of the tire is directly proportional to its vertical load
5) Wheel actuation is equal on each side to reduce longitudinal slip

6) Vehicle is rotating counterclockwise

Referring to figure 2.3, O(X,Y) defines a fixed reference frame and O(x,y) is a moving
frame attached to the vehicle body with origin at the center of mass. The center of mass is

located at distances a and b from front and rear wheels respectively. Wheelbase is 2.

13



., Fz1 Fz2
1
}{ .

Wheel

Figure 2.3 Free body diagram for ATRV-Jr.

6 = Angle of x—axis with X-axis

Then the rotation matrix relating the coordinate frames is given by

cos@ sinf

—sin@ cos@

R(6) :{

Let X, y, 8 be the longitudinal, lateral and angular velocity of the vehicle in local frame f.
In the fixed frame F, the absolute velocities are

14



X _|cos@ sin6 X
Yy | -sin@ cos@ By
Differentiating w.r.t. time gives the acceleration,

X _[cos@ sin@ F+)’/9

RO) |
v —sinf@ cosé y— X0 B a

y

The longitudinal velocity x; and lateral velocity y; are given by

X =Xy=x—-10  (left)

Xy=x;=x+10  (right)
_ (1)
nW=y;=y+ab  (front)

P =du=y-b8  (front)

The free body diagram of forces and velocities is shown in figure 2.3. The vehicle has
velocities x, y, and 8. Wheels develop tractive forces F,; and are subject to rolling
resistances R,; where i=1,2,3,4. As wheel actuation is equal, F,=F,, and
F\, = F,3. Lateral forces F), acts against lateral skidding and there is a resistive moment
M, about the center of mass due to F; and R,;. For a vehicle of mass m and moment of
inertia /, the equations of motion in frame f can be written as follows

ma, =2F 4 +2F,—R,

ma, =—-F 2)

160 =21(F, —F)-M,

15



When the vehicle is at rest,

b mg

F.=F.= ns
1 22 at+b 2
a mg

F.=F, = ns
z3 z4 a+b 2

At low speed, the lateral load transfer due to centrifugal forces can be neglected. For hard
ground, the contact patch between the tire and wheel can be assumed to be rectangular

and hence has a uniform pressure distribution. In this condition, R ; = f.F,;sgn(x;)

where f, is the coefficient of rolling resistance assumed to independent of velocity [7].

4
R,= [, Fysgn(i;)=f, %(sgn(xl) +sgn(x,))
1

Considering the Coulomb friction model for the wheel ground contact, the lateral force

on each wheel is F; = (F; sgn(y;) where s 1s lateral friction coefficient. The total

lateral force is

4
Fy=  f, Fysgn(3y) = p7(seniy) +sen(is)
1

The resistive moment M,. is given by

Mr:b(Fy3+Fy4)_a(Fyl+Fy2)+t|:(Rxl+Rx4)_(Rx2+Rx3)

_abmg
-4 a+b

[sen(is) ~senCin)] + 1, 225 [sgn(siy) -sen(iy)]

Thus the terms M., F),, and R, are defined in terms of state variables x, y, and 6.

From this, we can set up a set of first order linear equations.
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