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Abstract A geometric kinematics modeling of the 
three wheeled autonomous mobile robot is proposed. 
Three types of basic motions are proposed fo r  the path 
generation of the developed mobile robot. All paths 
of the mobile robot are achieved by the combination 
of proposed basic motions. The  proposed scheme is  
verified through computer simulations and a practical 
model. 

1 Introduction 

Many kinds of kinematics modeling and plat- 
form designs have been studied for wheeled mobile 
robots[l,2,3]. Among of them, to increase limited 
maneuverability of the four wheeled mobile robot is 
proposed to the replace coupled st,eering wheels is re- 
placed by the one wheel, as in a three wheeled car. 

The three wheeled mobile robot has the advantage 
that wheel-to-ground contact can be maintained on all 
wheels without a suspension system. Some variants of 
three-wheeled mobile robot configuration are found in 
practice. In one, the single wheel is the drive wheel as 
well as the steering wheel, enabling the other wheel to 
idle. Combining drive and steering mechanisms in one 
wheel results in a more complex mechanical design, 
and small tolerance can result in noticeable steering 
errors over a distance of a few meter[4,5]. 

Some mobile robots have three wheels controlled by 
' synchronous drive system. In this system, all wheels 

are used for driving and steering. However, in this 
case, wheels are coupled with a belt drive or gears, so 
that they can be steered by only the one motor[5]. 

One ambitious design took these concept further 
and had all three wheels operate as both driving and 
steering wheels, using motors on concentric shafts. 
Three wheels are mounted 120" apart on a circle. As 

they are all driven, they have to rotate at different 
speeds when turning to provide omni-directional mo- 
tions. But, the kinematics of this model have proved 
to be so complex that controllers could not control 
each wheel on time. This design used three complex 
assemblies, each has independent degree of freedom. 
There was tremendous difficulty in controlling six de- 
grees of freedom in the wheel for the practical im- 
plementation[6]. Additionally, the motor controllers 
were built and designed directly into the motors in 
the wheel housing. This was a complex undertaking 
and proved problematic for operation, debugging and 
maintenance due to rigid wheel architecture. 

In this paper, the kinematics modeling based on 
the geometric approach is proposed to reduce the com- 
plexity in which all three wheels operate as both driv- 
ing and steering at one time. The flexible wheel archi- 
tecture is proposed for omni-directional motions of the 
mobile robot. And, three basic motions are proposed 
for the local path planning of the mobile robot during 
the navigation. The proposed forward kinematics and 
inverse kinematics are applied to the developed omni- 
directional mobile robot, and its efficiency is proved 
by computer simulations. 

Section 2 gives a brief description of the developed 
mobile robot's architecture. In Section 3, the proposed 
geometric kinematics are discussed in details. Three 
basic motions of the proposed mobile robot are dis- 
cussed in Section 4. Section 5 presents experiments 
of the proposed kinematics. Finally, the conclusion is 
drawn in Section 6 .  

2 Mobile Robot's Architecture 

The developed mobile robot is shown in Figure 1. 
Major components for each levels are composed as fol- 
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lows: First level is composed of three wheels, batter- 
ies, and gear housing. Second level is composed of six 
servo motors and drivers, AC-DC converters, digital 
I/Os etc. Third level is composed of 24 ultrasonic sen- 
sors, omni-directional vision sensor, control units, etc. 

Figure 1: Overview of Developed Mobile Robot 

2.1 Wheel Architecture 

The proposed wheel architecture is shown in Fig- 
ure 2. There are two motors connected to each wheel, 
one is used for steering and the other is used for driv- 
ing. The wheel is no deformable planar circle type. 
Therefore, each wheel has the capability of steering 
and driving independently. The driving motor is off- 
set from the steering motor in order to prevent wires 
from become tangle. The large spur gear is used to 
reduce the speed of the motor, and the power is trans- 
ferred through second spur gear to the bevel gear box. 
The housing of the wheel is connected directly to the 
steering motor, therefore the wheel rotates along with 
the housing. 

2.2 Hardware Architecture 

The developed mobile robot uses six AC servo mo- 
tors, three motors are used for driving purpose and 
three for steering. S ix  analog servo drivers are used to 
control each motors. Figure 4 represents H/W archi- 
tecture of the mobile robot. MVME162 board using 
MC68040 CPU is adopted as the main controller. An 
industrial pack(D/A Converter, 6 channels) for veloc- 
ity command voltages of servo drivers and three indus- 
trial packs (6 counters and 48 1/0 points) for encoder 
signals counting and several digital I/Os are used. 

Figure 2: Wheel Architecture 

Figure 3: Hardware Architecture 

3 Geometric Kinematics Modeling of 
Omni-directional Mobile Robot 

The kinematics modeling is divided into two parts, 
inverse and forward kinematics. An assumption and 
basic concepts are introduced to describe the kinemat- 
ics model of the mobile robot[7,8]. 
[Assumption] 
0 There is no wheel slippage during the movement of 
the mobile robot. 
[Basic concept] 
0 All motions of the mobile robot can be divided into 
translation and rotation components. 
0 A wheeled mobile robot’s motions can be expressed 
in terms of translation and rotation. 
0 Translation is the displacement of the mobile robot’s 
center, and rotation is about the rotational movement 
of each wheel’s axis. 
[Nomenclature] 
xi, yi: X ,  Y coordinate of the i-th wheel 
x,., y,.: commanded X ,  Y coordinate of 
robot’s center 
x,,ye: current X and Y coordinate of 

the mobile 

the mobile 
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robot’s center 
xm,ym: measured X , Y  coordinate of the mobile 
robot’s center 
(OC, 0,): current and reference orientation angle of the 
mobile robot 
( c y c ,  cy,): current and reference steering angles of the 
mobile robot 
V, : reference velocity of the mobile robot 
(fVpz)i, (fV&)i: instantaneous X ,  Y velocity of the i- 
th wheel for the mobile robot rotation with respect to 
frame coordinate 
(fVhZ>, (fv~,): instantaneous X , Y  velocity of wheel 
for the mobile robot translation with respect to frame 
coordinate 
(fVwz)i, (fVw,)i : instantaneous X ,  Y velocity of the 
i-th wheel for the mobile robot displacement with re- 
spect to frame coordinate 
(fVw)i : amplitude of velocity of the i-th wheel for 
the mobile robot displacement with respect to frame 
coordinate 
I , ,  ZR: radius of the wheel, radius of robot 
cyi : steering angle of the i-th wheel 
(wd) i  : driving angular speed of the i-th wheel 
WR : angular velocity of mobile robot 
ts  : sampling time 

Figure 5: Notation for the geometry of the each wheel 

X ,  Y direction ( fKz)i ,  (fK,)i ,  the angular velocity of 
the mobile robot w ~ ,  and iteration number. Three co- 
ordinate systems are used in the inverse kinematics: 
the floor coordinate system, the mobile robot coor- 
dinate system with its origin at the mobile robot’s 
center, and the wheel coordinate system with its ori- 
gin at each wheel’s center. A wheeled mobile robot’s 
motion can be expressed in terms of translational and 
rotational motion. Translational component is the dis- 
placement of the center axis of the mobile robot, and 
rotational component is the rotational movement of 
the each wheel’s axis. Rotation components are ex- 
pressed as follows 

1- (1) 
-1 Yi - Yr 8,. = t a n  (- 

xi - 2, 

The parameter 8, is the angle displacement of each 
wheel respect to the center of the mobile robot co- 
ordinate. The rotational velocity of each wheel can 
be calculated as shown in Equations (2) after the 8, 
calculated. 

fvLy ..................... ..... 

’v, 

(fvpz>i = Z,wRsinO,, (fv,,)i = Z,WRCOS@r (2) 

Combining rotation and translation components, ve- 
locities of the mobile robot’s i-th wheel are expressed 
as 

(fVW2)i = (fvhz) + (fKZ)i 
(fVw,)i = (fVL,) + ( f K y ) i .  

(3) 

(4) 

Using Equations (1)-(4), steering angles and driving 
velocities of each wheel are obtained as 

Figure 4: Notation for the geometry of the mobile 
platform 

3.1 Inverse Kinematics 
Velocities of each wheel can be obtained by combining 

The inverse kinematics is used to solves angular ve- the wheel velocity of x, direction as follOws 
locities and steering angles of each wheels. Input pa- 
rameters are linear velocities of the mobile robot in (fvw)i= Jm. (6) 

2035 



After knowing the velocity of the wheel, angular ve- 
locities of the each wheel can be obtained as 

(Wd)i = -. (f VW) 

4 Basic Trajectory 

All motions of the mobile robot can be achieved by 
(7) combining three types of basic motions. 

4.1 
1, 

Straight Line with Orientation Angle 

3.2 Forward Kinematics 

The forward kinematics is used to estimate the po- 
sition and heading angle of the mobile robot using the 
wheel measurement. In first, the rotation and steer- 
ing value of wheels are measured and obtained from 
translational and rotational components of the mo- 
bile robot's center point. And each wheel's coordinate 
is obtained from these components. Velocity compo- 
nents of the each wheel with respect to the frame co- 
ordinate system are given as 

(fVwy)? = (fvw)y cos[(fOs)? + w Z ( k  - 1) . ts ] .  (9) 

Using the property that rotational components are 
cancelled if velocities of three wheels are added to- 
gether, translational components are obtained as 

The straight line movement can be done with fixed 
and changed orientation angle. The desired displace- 
ment(D) is expressed as 

D = J(xr  - 2,)' + (Yr - ~ c ) z -  (17) 
The steering angle of the each wheel expressed in 
Equation (18). It has the constant value during move- 
ment as follows 

-1 Yr -Yc 

X r  - X c  
(Y, = (Y, = tan (-), ( ( ~ 1  = Q:! = (YQ). (18) 

Figure 6 shows the straight line movement of the 
mobile robot with changing the orientation angle. 
The steering angle of the each wheel is continuously 
changed during the movement to change the orienta- 
tion angle. The desired displacement(D) is shown in 
Equation (17) and the desired moving time(T1) is ex- 
pressed as 

n 

(19) 
U T 1 =  - 
Vr 

3 3 and translational and rotational components are ob- 
tained as follows (f VWZ)?  

. (20) 
Ax AY 8, - 8, vi, = - . vr, VLY = - * vr, w, = - 

The orientation angle of the mobile robot is fixed in 

3 .  (fVLZ), = ~ 

i=l 
3 

i=l 

(10) D D T1 
Using Equations (8)-(lo), the coordinate of the mobile 
robot's center and each wheel's center are obtained as 
follows 

x r ( k )  = ( f v L z ) "  . t s  + + ( l C  - 1) 

Y r ( k )  = ( j v L y ) "  * t s  + g r ( k  - 1) 

(11) 

(12) 

AY 

A x  
sin4 cos4 

(13) Figure 6: Diagram of straight line with fixed orienta- 
tion 

The angular velocity of the mobile robot is obtained 
from the amplitude and its directions. case of Or equals to 8,. It is to change the orientation 

angle of the mobile robot without the movement of 
the center point of the mobile robot, the mobile robot 

1, (14) moves only with the commanded rotational angular 
velocity. In this case, the mobile robot's translational 
velocities are zero, and the rotational component is 

[(fvrz)?]' + [(fVry)Y]' W E =  J 

Where 

( f V r z ) Y  = ( f v w z > ?  - ( f v L z ) m  (15) expressed as follows 

( f v r y ) Y  = ( f v w y ) ?  - ( f v ~ y ) m .  (16) VLz = VLy = 0, WR = U,. (21) 
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4.2 Arc with orientation angle 

The arc movement with a constant radius and a 
fixed orientation angle is described in Figure 7. Steer- 
ing angles of the each wheel are changed with same 
values. The distance(d) between two positions is given 
in Equation (22)  and the desired displacement(D) is 
obtained as follows 

d = J(G - %I2 + (Yr - YCl2 

d2 = R2 + R2 - 2R2 cos(Ay) 
(22)  

(23) 
d 2  
R 

Translational and rotational components and desired 
moving time(T3) are given as 

Ay = COS- l ( 1  - 0.5( - )  ), D = R .  AT. (24) 

AT V L ~ ( ~ )  = V, . sin( - . t + tan-'(tan aci)) (25) T 2  

T 2  
v~,(t) = Vr . COS(- AT . t + tan-'(tana,i)) (26) 

D 
WR = 0, T 2  = - 

VT 
(+ : C.W , - : C.C.W). (27) 

It is arc movement which has a constant radius with 

D 

Figure 7: Diagram of arc with k e d  orientation 

changing orientation angle. It is only mobile robot's 
orientation angle changing compared to third segment. 
The desired moving time(T2) and translational and 
rotational components are obtained as follows 

D 
T 2  Vr 

, T 2 =  -. WT = ~ 

or - 8, 

4.3 Wheel Steering 

It is to change the steering angle with no movement 
of the mobile robot's center point and no change of the 
orientation angle. The mobile robot has the command 
for steering angle is given as 

Aff773flX Aamaz = max(Aa1, Aaz, Aas),  T3 = ~ (29)  
W r  

(30) 
Aai 
T 3  

arz(t) = acz + - . t. 

5 Experiment Results 

5.1 Path Error Control 

Encoders connected to both steering and driving 
motors record the rotation of the motor and this infor- 
mation are used to calculate the position and velocity 
of each wheel. Therefore, there is a path control error 
between the calculated position of the mobile robot 
and the measured position of the mobile robot. Er- 
rors in X ,y direction and angle displacement are as 
follows 

ex = (3, - zm),  ey = ( y r  - Y~), eh = or  - em. (31) 

Velocity errors in both x and y direction are shown as 
follows 

Input parameters for simulation sets as follows. The 
values (Vx,.)c, (Vzv)c are 5m/sec, the value W R ~  is 5 
rad/sec, the iteration number is 1000, the constant 
values c1, c2, c3, c4, c5 are 0.1. The angular velocity is 
calculated as follow 

Linear velocities of X , Y  direction are calculated as 
like 

( K r ) c  = (Vzr)r + c2ez + c3ezv 

(Vyr)c  = (Vyr)r + c4ey + wYv. 
(34)  

(35)  
These values are used for calculating the steering angle 
and driving angle velocity through inverse kinematics. 
The mobile robot follows the desired motion trajectory 
well by using a path error controller. Figure 8 repre- 
sents the motion trajectory following for the path error 
control. The parameter WR,, (Vxr)c, (Vyr)c are control 
commands and W R ~ ,  (Vzr)r,  (Vyr),  are reference com- 
mands in the path error controller. 

5.2 Simple Navigation Test with Sensor 
System 

In this paper, we test simple navigation algorithm 
for proving the availability of the proposed kinematics. 
If the mobile robot does not need to avoid present ob- 
stacles, the mobile robot calculates the straight course 
between the present position and the target and goes 
through the path. If the mobile robot finds an object 
in close distance, the mobile robot calculates the opti- 
mal moving direction with the present position and the 
target position data[lO]. Figure 9 contains a selection 
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Desired Trajectory 

Without Controller With Controller 

Figure 9: Experiments with the developed mobile 
robot 

Figure 8: Motion trajectory Simulation 

of scenes from a real experiment with the developed 
mobile robot. The task in the experiment was to find 
the destination in an pilot plant. In scene 1-2, the 
robot starts the start point and finds obstacle its ini- 
tially calculated path. In scene 3-4, the mobile robot 
detects first obstacle and change direction for the ob- 
stacle avoidance. In scene 5-6, the mobile robot moves 
toward destination. 

6 Conclusion 

In this paper, the geometric kinematics modeling 
of the three wheeled omni-directional mobile robot 
is proposed. Inverse kinematics, forward kinematics 
and basic motions of the developed mobile robot are 
proposed and integrated into a computer simulation 
model. For this simulation, the three wheeled mobile 
robot platform with all drive wheels having capabil- 
ity of both steering and driving is used. Results of 
this research can be applied to automotive industries, 
especially to all-wheel drive electric vehicles. 
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