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Abstract

This paper presents methodologies for kinematic/dynamic
modeling and trajectory tracking for a four wheeled
nonholonomic mobile robot. The vehicle with two front
(steering) and two rear (driving) wheels is considered. The
complete dynamic model of such a wheeled mobile robot
is established using the Euler’s Lagrange equation and
MATHEMATICA. Then a dynamical extension that makes
possible the integration of a kinematic controller and a
torque  controller is  presented .A  combined
kinematic/torque control law is developed using
backstepping approach and asymptotic stability is
guaranteed by Lyapunov theory. The mobile robot is
modeled as a non holonomic system subject to pure rolling,
no side slipping constraints. Simulation results are
performed to illustrate the efficacy of the proposed control
strategy.

control,
Lyapunov
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1 Introduction

There is a wide literature concerning control of
nonholonomic mobile robots published in last fifteen years.
A mobile robot is one of the well known system with
nonholonomic constraints and there are many works on its
tracking control .

The majority of research effort in the literature has
concentrated on the use of kinematic model of the vehicle
(where the velocities are the inputs),and less research has
been done to solve the problem of integrating the
nonholonomic kinematic controller with the dynamics of
the systems. These mobile robots have applications in
industrial, household, military, security, space and office
automation. For nonholonomic systems such as mobile
robots their kinematic constraints make time derivative of
some configuration variables nonintegrable (Xiaoping, Y.
& Yamamoto,Y., 1996). Due to the appearance of the
nonholonomic constraints the motion planning and the
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tracking control of mobile robots are difficult to be
managed. In the phase of motion planning (Wilson, D. E.,
and Luciano, E. C., 2002) a suitable trajectory is designed
to connect the initial posture (i.e. the position and
orientation of the robot) and the final one such that no
collisions with obstacles would occur and kinematics
constraints are satisfied. In this paper we study the
kinematics and dynamics of the nonholonomic systems
such that every path can be followed efficiently.Several
control solutions for trajectory tracking for mobile robots
have been proposed,as for example, Lyapunov direct
method (Kanayama et al., 1990; Samson, 1993).The idea
of input-output linearization was further explored by
(Oelen, W. & Amerongen ,J., 1994) for a two degree of
freedom mobile robot. The class of nonholonomic system
in chained form was introduced by (Murray, R. M., &
Sastry, S. S.,1993) and has been studied as a bench mark
example by several authors. It is well known that many
mechanical system with nonholonomic constraints can be
locally or globally, converted to chained form under
coordinate change and state feedback. Interesting examples
of such mechanical systems include tricycle-type mobile
robots, cars towing several trailers, the knife edge(Murray,
R. M., & Sastry, S. S., 1993), (Kolmanovsky, I. &
McClamroch, N. H. ,1995). Trajectory planning algorithm
for a four-wheel-steering (4WS) vehicle based on vehicle
kinematics was introduced by (Danwei, W. & Feng, Q.,
2001). A new analytical solution to mobile robot trajectory
generation in the presence of moving obstacles for a four
wheel mobile robot based on its kinematics was introduced
by Zhibua, Q., Wang, J. &Clinton, E. P., 2004).Trajectory
tracking control of tri-wheeled mobile robots in skew
chained form system was introduced by(Tsai, P. S., Wang,
L.S., & Chang, F. R., 2006).

In this paper a feedback velocity following control law is
designed such that the mobile robot velocities converge
asymptotically to the given velocity inputs. Finally this
second control signal is used by the computed — torque
feedback controller to compute the required torques for the
actual mobile robots. Although several approaches using
the lagrange’s equation of motion with multipliers have
been proposed in modeling of mobile robots, their
derivation procedures of finding dynamic models are too
complicated and time consuming. To circumvent the
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difficulty ,this paper contributes a direct system modeling
approach for the four wheel nonholonomic mobile robot
through the use of the commercial package
MATHEMATICA. By virtue of the advantages of the
symbolic computation in MATHEMATICA the dynamic
model of the four wheeled nonholonomic mobile robot can
be easily developed and then represented in a state space
form. With the proposed nonlinear tracking control law,
the entire state of the system to asymptotically track to the
desired trajectory is definitely ensured.

2 System Modelling

This section presents the complete governing equation of
the four wheel mobile robot system, investigates the
structural properties of the derived models and validates
the developed model in comparison with other’s well
known work.

2.1 System Description

Consider the four wheeled mobile robot as shown in figure

1. The mobile robot under consideration has two rear

driving wheels driven independently by two DC

servomotors and the front two steering wheels.

To simplify the modeling derivation of the wheeled mobile

robot under consideration the following assumption are

made.

(1) The wheeled mobile robot is built from rigid

mechanism .

(2) There is zero or one steering link per wheel.

(3) Al steering axes are perpendicular to the surface of
motion .

(4) The surface is a smooth plane.

(5) No slip occurs between the wheel and the floor.

The following notation will be used in the formulation of

the constraint equations and the motion equations of the

wheeled mobile robot.

P, the centre of the mobile plateform.

c distance between the front wheel axle and the
plateform centre of gravity P, .

d the distance between the rear wheel axle and
platform centre of gravity P, .

2b the wheel span.

r the radius of each wheel.

m, the mass of the plateform without the driving
Wheels and the rotors of the DC motors.

m,, the mass of each driving wheel with its motor.

the moment of inertia of the plateform

without the driving wheels and the motors
about a vertical axis through P, .

the moment of inertia of each wheel about
the wheel axis.
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the moment of inertia of each wheel about
the wheel diameter.

W

3 Kinematics of the mobile robot

The four wheel mobile robot considered in this paper is
shown in fig.1, its front wheels are steering wheels, and
its rear wheels are driving wheels. The distance between
the front wheel axle and plateform centre of gravity is c
and distance between the rear wheel axle and plateform
centre of gravity is d and 2b is the wheel span.The
trajectory planning will be done for the plateform centre of
gravity. Let the generalized co-ordinates be

a=[%,Yo.4.¢]", where (x,y) are the cartesian

coordinates of the centre of gravity of the mobile plateform
with respect to co-ordinate frame {U}. The four wheels are

located at Pys Py Pg and p,on the mobile platform

respectively and p, is the centre of the mobile platform.

Six co-ordinate frames are defined for describing position
and orientation of the mobile robot - {1} is the frame fixed

on wheel 1 withx, - axis is chosen to be along the
horizontal radial direction and y, axis in the lateral
direction .Likewise {2},{3}and {4}are the frame defined
for the wheel 2, 3 and 4 respectively and {0} is the frame
defined at point p,. The orientation of the vehicle body is

characterized by @, which is the angle from x, to x, .4
and ¢, are the front two steering angle and ¢ is

considered as a virtual steering angle of a virtual wheel
which is at the middle point of the front two steering
wheels i.e. the angle at which the whole plateform changes
the orientation due to steering angles ¢, and ¢, of the front

two steering wheels.

Figure 1: Four wheel mobile robot and co-ordinate frame



13" National Conference on Mechanics and Machines (NaCoMMO07),
11Sc, Bangalore, India, December 12-13, 2007 NaCoMM-2007-050

S, =(c+d)cosg, —dsing,
S, =dcosg, +(c+d)cotgsing,
_ —2b(c+d)+b*cot2¢ —cosecs (b® +2(c+d)?)

S (c+d)?
d-bt 1+ ——————
rlerd=btang), 1+ e+ d)ycotg)
5 :(c+d)2cosec¢sec¢+b(2(c+d)+btan¢)
41 2
r(c+d+btang) 1+&2
(b+(c+d)cotg)
—b+(c+d)coty
851 :%
Figure 2: Velocities of wheels S, = b+ (c+d)cotg
r
To develop the kinematic model of the wheeled mobile S, =1,S,=0

robot ,the ith wheel is considered as rotating with angular It s straight forwardto verify that A(q)s(q)=0.

velocity 6 where 6 ,i=1234.denotes the angular  gjnce the constrained velocity is always in the null space of
velocities for each wheel. It is assumed that wheels roll on space of A(q) ,there exists a pseudo velocity vector v(t)
the plane x,y, without longitudinal and transversal ¢ cn that

slippage. ) _ d=s(q)v() )
Fo_rmally, flaﬁt statement in mathematical terms can be  \yhere n js the dimension of vector g and m is the total
written as follows Number of holonomic and nonholonomic  constraints
A(q)d=0 @ imposed on the system.
where Define
A(g) = X, =V, OS¢, —V, sind,
—sin(g, + ¢,) cos(¢, +¢) CCOSP +bsing, 0 0 Yo =V, Sindh +V, CoSdh
—-sin(¢, +¢,) cos(g, +¢,) ccosg,—bsing, 0 © . .
_sing, cosg, _d 0 0 o0 where v, and v, are the velocities of the centre of gravity
0 0
cos(d, +4,) sin(g, +4,) csing —bcosg, -r 0 0O of the mobile plateform along the X and y-axes respectively.
cos(¢, +¢,) sin(g, +4,) csing,+bcosg, O -r 0 Thus we get
COS ¢, sin ¢, -b 0 0 -—r - d -
cos g, sin ¢, b 0 o0 ) 0 cosd, —msin #ytang 0
0 0 sin ¢, +—d cos g, tan ¢ 0
0 0 erd 7
0 0 __ | =2b(c+d)+b’cot2¢ —cosecg (b* +2(c+d)?) tang 0
Xo 2 c+d
00 Yo r(c+d—btang) 1+%2 et
0 0 p) (b—(c+d)cotg)
0 0 9-1 (c+d)?cosecgsecs +b(2(c+d) +btang) tang v
2= 2 d :
-r 0] 0, r(c+d+btang) 1+% et [:]ﬁ}
T : (b+(c+d)cotg)
where q=[x,,Y,.%,.6.6,,0;,6,,¢4] is avector of O, btang+ (c+d)
generalised co-ordinates. ¢9 r(c+d) 0
Now using the fagt that wheel axes must intersectata L7 btang +(c +d)
point when the mobile robot turns. Thus we get r(c+d) 0
tan g, = (c+d)tang tan ¢ 0
(c+d)-btang c+d
0 1
and tan g, __(crd)tang ) )

~ (c+d)+btang

Constraint given by Egq. (1) imply that there exists " . .
matrix s(q), which is full rank and consists of linearly that q(t) tracks a reference positionand - orientation

independent vector fields which are spanned on the null denoted by
space of matrix A(g) , namely 0 (1) =[x (£), Y4 (1), o (D]

u we consider only
Sll SZl SSl S41 SSl SGl S?l S81:|

Since the control objective for the robot isto ensure

S =
@ {0 o 0 0 0 0 o0 1

where
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cosqﬁo—isingzﬁ0 tang O
)'(0 c+d
. . d
Yo |_ sm¢0+mcos¢otan¢ 0 {vl} 3
¢f’ tan ¢ 0 V2
¢ c+d
L 0 1_

where v, =v, and v,=¢

4 Dynamic Model

In this section we describe dynamics of the vehicle
presented in Fig.(1). In general the dynamical model of a
mobile robot is given by

M(@)d+V(a,4) + G(a) + 7, = E(@)t-AT (a) @)
where M(q) is a symmetric, positive definite matrix, V is a
centripetal and Coriolis matrix ,F is a friction vector, G is a
gravity vector, ty4is a vector of disturbances including
unmodeled dynamics, E is an input transformation
matrix, T is a control input vector, A is a matrix associated
with constraints, Ais a vector of constraint forces ,and
gand ¢ denote velocity and acceleration vectors,
respectively. Since in our case robot moves on a plane
vector G=0.
It would be more suitable to express the dynamic equations
of motion in terms of quasi velocities v;and v,.By
differentiating equation (2) with respect to time we get

4 =S(q)v+S(a)v ()
Next we substitute Egs. (2) and (5) into equation (4) and
multiply the resulting equation on the left hand side by

matrix s'(q) . After some not complicated calculations we

get
STMSV+ST(MSv+V)=STEr
ie M\i:\7=; - ©)
where M =S"MS , V =ST(MSv+V)
r=S"Er

t is a set of three moments [t,,7,,7]" in which two

moments [rr,r,]Tare acting at the wheels and one

momentt, for steering . The matrix M(q) is which
appears in equation (6) is positive definite. The matrix

M —2V is askew symmetric matrix.

The Lagrange formulation is used to derive the dynamic
equation of motion of the mobile robot.In this case there
is no gravity term in dynamic equation because the
trajectory of the mobile base is constrained to the
horizontal plane, i.e. Since the system can not change its
vertical position , its potential energy U remains constant.
The kinetic energy of the main vehicle body i.e. the mobile
plateform is

1 . . 1, .
Kplateform :Emc(xg + yg) +E Ic ¢02

and the kinetic energy of the four wheels are

Kneerr = Emw[(xg + yoz —2bg, (%, OS¢, + Y, Sin @) + 24, (¥, Cos @,

—%,8ing,) +b%g? + c2¢j]+% 1,67 +% 1.4
Kineer2 = 2 mw[(X§ + yé +2bg, (%, COS ¢y + Y, Sin gy ) + 24, (Y, Cos ¢,

—iosing,) + b 14 D108 + 21,6

Kwheel3 :Emw[(xg + yg —2b¢0(X0 COS¢0 + yo S|n¢0)_2d¢0(y0 COS¢0
o sing) + b+ 1O g
K ureets =5mm[(><§ + Y + 20, (%, COSgh, + Y, Sin ) — 2d b, (¥, Cos g

~osing) +BGE + T L0
The total kinetic energy of the four wheeled mobile robot
is given by

K%”L(Xf +S’§)+%IC¢§ +M [ + Y, +(C—d)dh (¥, 005 — %, Sinh )}
H2 +C +d2)¢-g]+% |W(Q2 -Héf +é +éf)+%|m(éz +é2)+|m¢'§

Since there is no potential energy involved in this case, the
Lagrangian of the system is given by
L = Kplatform + Kwheel 1+ Kwheel 2+ Kwheel 3
+Kwheel 4=K

The equation of motion is obtained by applying the Euler
Lagrange’s equation

1[‘1]—@ —r- A (@)

dt\oqg ) aq
The dynamic equation of the four wheeled mobile robot
with the lagrangian multipliers

Ay Ay Ay Ay Ay s A
are given by

(m, +4m,)%, —2m,[(c —d)g sing, + ¢ cosg,]
= %Sin(% Jr¢1) + ﬁ'z Sin(¢0 + ¢z) + ﬁs sin ¢0 -
A,€08(¢y +4,) — A5 C0S(¢, + ¢,) — (4 + 2, ) cos(4).

]

(m, +4m,) ¥, +2m,[(c - d)d cosd, — ¢ sing,]

=—/4,C08(¢ + ) — 4, COS(¢h, + ¢,) — A, COS ¢ —

2, C0S(dy + @) — A5 sin(dy + 4,) — (45 + 4, ) sin(dy).
®)

I.d +m,[2(c—d)(¥,cosd, —%,sing,)+ (2b* +

2 +d?)g1+21 4 = —A(ccosg, +bsing) -

A,(ccosg, —bsing,)+dA, —(csing, —bcosg, )4,

—(csing, +bcosg,) A +b(4; - 4;) €)

j (10)
1
12)
13)
1. "
f(¢)¢+5f(¢)¢ =7, (14)

where
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+d)*Secp(b? +2(c+d)? —b?Cos2¢ — 2b(c + d)Sin2¢)
[(c+d)* —2b(c+d)tan g+ (b* +2(c+d)?) tan g]°
Fh)= (c+d)*Sec®p(—2b°Sin2¢ + 4b(c + d)Cos2¢)
[(c+d)?—2b(c+d)tan g+ (b* +2(c +d)?) tan® ¢
The above dynamic equation of motion for the four wheel
nonholonomic mobile robot can be written in the form

M ()4 +C(a,¢) = E(q)r— AT (q)2

fg)=C

where
m, +4m, 0 -2m, (c—d)sing, 0
0 m, +4m, 2m, (c—d)cosg, 0
-2m,(c—d)sing, 2m,(c-d)cosg, I, +m,(2b>+c*+d*)+2I, O
M (@)= 0 0 0 I,
@= 0 0 0 0
0 0 0 0
0 0 0 0
0 0 0 0
00 0]
00 0
00 0
0 0 0
0 0 0
I, 0 0
01, O
0 0 f(4)]
[—2m, g cos, | 0 0 0 o
—2m, g7 sing, 000 4
0 000 &
0 000 |” &
V(q,q) = 0 E(q) = 00 0 T=7, A=A,
0 100 ° %
A
0 010 zj
1. . L7 ]
5f(¢)¢2 0 0 1]
and the constraint matrix is given by (1).
5 Chained form of kinematic model
Using the following change of co-ordinates
X, = X, —dcosg,
tan ¢
X, = 5
(c+d)cos® ¢,
Xy = tan ¢,
X4 = Yo —dsing,
the kinematic model (3) can be transformed in the
following chained form
X; = U
2 (15)
X3 = XUy
X, = XU,
with two input transformations
u
v =—t
CoS ¢,
Cmein? 4o
v, = Mu1+(c+d)cos3¢ocosz¢ u,

" (c+d)cos? g,

o o o o

=

o o o

above is the two input four state chained form where
X = (%, Xy, %5, X,) is the state and u,and u,are the two

control inputs.

5.1 Reference trajectory generation

Assuming that the reference state trajectory and
reference input trajectory for the four wheel mobile robot

o Q4 (t) = (Xdo(t): ydo(t):¢0d (t):¢d (t))
Vd (t) = (le(t)!vdz(t))

The desired trajectory is feasible only when it satisfies the
nonholonomic constraints on the system.
Given any boundary conditions

X(to) = [Xl (0): X, (0): X3 (0): X4 (0)]
and

X(ty) =[Xg1 Xq2+ Xa3s Xg4]' for some t,>t,.

There exists inputs v, and v, that gives a feasible
trajectory of functional form

X, =F(x)

Satisfying the following boundary conditions

X4 0)= F[Xl(o)]’ Xaq = F[Xl(d )]

x,(0) = SECOD gy AF (5 (d))
0, (0) dx,(d)

Xz(o):m,xz(d):w
dx (0) dx; ()

Since there are six boundary condition .So minimum
order of polynomial type feasible trajectory is five. So
we assume that

X, :F(X1)
:a0+a1x1+a2xf+a3xf+a4xf+a5xf

6 Design of tracking controller

Denote the tracking error as
differential equation are

Xeg = U; —Ug;

Xep = U, = Uy,

Xeg = XgoUgy + X, (U —Ugy)

Xeq = XogUgy + X3 (Uy —Ugy)
The goal is to find a time-varying controller,

u | ~
u= =U(X,,Upy,Uyg)

U,

X, =X—Xq.The error

(16)

such that the tracking error Xx,converges to zero
asymptotically, i.e. !im||x—xd||:0under appropriate

conditions on the reference control functions u,, and
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u,4 and initial tracking errors x,(0), with a good choice of

A.

We first introduce a change of coordinates and rearrange
system (16) into a triangular —like form so that the
integrator backstepping can be applied.

Denote X = (X,4, X5y ) and let 7,(;%,): R* — R*be the
mapping defined by

i = Xe(aingy — Xeqnoiy + Xagniy) Xy 112

{3 =X

$h =X
In the new coordinates ¢ =(¢;,¢,.¢5.¢,) system (16) is
transformed into

¢ =Ug&s — % (U —Ug;) S,

G =Ug&3— UG,

: an
gy =U, —Ug,
G =U;—Ug,
Consider the ¢; — subsystem of (17)
4;1 =Uyy6, — X, (U —Uyy)S, (18)

We consider the variable ¢, as virtual control input and the
variable uy, and £, as time varying functions.

Denote ¢,=¢;. Differentiating  the  function
V, = %ZZ along the solution of (17) yields
V, = udlaé'z - XZZl(ul —Ug1)¢s 19)

Observe that «,(¢;) =0 is a stabilizing function for system
(7) whenever ¢, =0.

Define £, =¢, - ,(<,)
Differentiating the function

1— 1—2 11—
Vv, :V1+Eé’z :EQ +Eé’2
along the solution of (6) yields
V-2 = Udlzz_ Xza(ul —Ug;)¢s —U2§_2§4

As
é’z :gz_al(gl)
¢ =§2—a_?§1
:é;z =Ug,03 —Upd,
=Ugy83 —Uply +Ugy ) —Ugy &)
= Uy (S5 +41) —Uygy —Ugi &y
= Uy, (S5 —@y) —Updy —UgyS)
where
,(¢1,:$3) =—¢1
Again define

G =83—,(81,45)
=~ . Oa,
=, (—=¢,+
4’3 gs (aé,lgl aé,z
= :3_(_;1) = 4;3"'4"1
= U, —Ugp +Ugi, = X (U —Ug;)E)
Consider the positive definite and proper function
11— 1— 1— 1—

V; =V, +E§3 :EQ +§§z +E§3
Differentiating the function V,along the solution of
(17) yields

\/3 = ZS(ud:lZZ +U, —Ug, +Ug,85)
- (Xzé’l + Xzé’a)(ul _ud1)§4 _uz§z§4
In order to make V, negative definite we choose the
following control input

Ud1§_2+ Uy —Ug, + Uy, = _03?3 (20)

9% ;

¢2)

where ¢, > 0.Thus we have
. —2 — — —
Vy =—C¢, —(x2§1+x2§3)(u1—ud1)§4—u2§2§4

Finally consider the positive definite and proper function
which serves as a candidate Lyapunov function for the
whole system (17)

A l—2 1—2 1— A
vV, :V3+Eé’422551 +E§2 +E§3 +Eé’42

where A >0 is a design parameter.
Differentiating the function V,along the solution of

(17) yields
\/4 = _Cszsz - (X221+ XZZ?;)(UJ_ _Ud1)§4 - U2§_2§4 +
A&, (U —Uy,)
\/4 = _(:3232 -[{A- (Xzz + XzZs)}(ul —Ug)— uzZz]§4

In order to make V,negative definite we choose the
following control input

{ﬂ_(xzz"‘XzZ)}(Lﬁ _udl)_u2§_2 =Cs44 (2)

From (9) and (10) we get the following control law
_C4§4 + uzQVz

A= (2,8, + X,85)

U, =Ug, —C4(&5 +¢&1) —2Ug,8,

U, =uy, +

7 Dynamic based controller

Since Sis a full rank matrix formed by a set of smooth and
linearly independent vector field .we have from

equation (6) , the reduced mass matrix M is always
symmetric and positive definite.
Thus we have

T=MV+V
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Now define the backstepping error e as "
e=v-v,
Selecting the following a Lyapunov candidate function .
V, for the mobile plateform f’
V, = LeMe
2

The time derivative of V, along the system trajectory is

vV, :%eTme+eTﬁé

o S S e B S S SR

]
Since X' (M=2C)x=0V  x=0. L
v, = %eT (M+_ 2\7)e+eT\7e+eT Me Figure 3: Feasible trajectory
=e'Ve+e' Mé 0.006
=M(Eé+v,)+V
T (E+vy)+ 0.002
Hence 0.001 H\
V,=¢' (Ve+7 -V —Mv,) ! InYee.
o 0 %}d &) Y 10
=e (Vv-Vvy +7-V -MY,) -0.001
Choosing the control law as -0.02
r=Mu+¢
_ -0.003
Where ¢p=-Vv+Vv, +V, u=v, —ke
Then V, =—ke" Me

Figure 4: Tracking error in x,(t)
Thus the derivative of V, is negative definite. Hence the

system is asymptotically stable.

0.015
8 Simulation results 0.0L
0.06 [\
To examine the effectiveness of the proposed trajectory 1\
tracking control methodology, the simulation for a four D %0 Y Y 10
wheeled mobile robot were performed in MATLAB and ~ —0-0%
MATHEMATICA. The system parameters of the four 0.01
wheel mobile robot were selected as
c=1.3m, d=1.4 m, 2b=1.5m, Mc=1000kg , -0.015
v=10m/s,Ic=795kg m?, Mw=20kg , r=0.2m,
Im=0.20 kg m*, Iw=0.40 kg m”. Figure 5: Tracking errorin ~ x,(t)

We consider the following reference output trajectory
X4 (t) =t,y4(t) =sint with the conditions

%0(0) =0, y,(0) =0, 4,(0) = %aﬁ(o) =0,x,(40) =17 0.8

+¥q(40) =10, gy, (40) = R $(40) = 0. 0

Fig.9 demonstrates the evolution of the norm of the 0oL

tracking error x,(t) based on the following choice of ’ A A

design parameters and initial condition: ‘ iz o 0 10

A=3,¢3=C, =5, X.(0)=(2,0.5,0.5,1.5) 0.0

0@

0.8

Figure 6: Tracking error in X,(t)
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0.04
0.02

f\ S _ ‘ ‘

U Vo 60 0 100
0.2
0.4

Figure 7: Tracking error in x,(t)

ronn of tracking error

20 a0 &0

bite (e )

&0 100

Figure 8: norm of tracking error x, (t)

' /\Uﬂ mw/

L HITTELT

Figure 9: Driving wheel torque t,

5 CONCLUSION

In this paper the nonholonomic constraints and the
kinematics model of the four wheel (front steering and
rear driving) mobile robot under pure rolling and no side
slipping condition is derived .Using the change of
coordinates the system is transformed into chained form
and then a backstepping based tracking controller is
derived. Simulation results are presented with two
examples to illustrate the approach.
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