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Abstract: In this paper, modeling and nonlinear
controller design for an omni-directional mobile robot
are presented. Based on the robot dynamics model, a
nonlinear controller is designed using the Trajectory
Linearization Control (TLC) method. Some simulation
results of the controller are presented.
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1. Introduction

Omni-directional mobile robot is a kind of
holonomic robot. Compared with more common car
like (nonholonomical) mobile robot, omni-directional
mobile robot has the ability to move simultaneously
and independently in translation and rotation.[5] The
maneuverability of the omni-directional mobile robot
makes it widely studied in the dynamic environmental
applications. The annual international Robocup
competition in which the team of autonomous robots
compete in soccer like game, is an example where the
omni-directional mobile robot can be used.

The Ohio University (OU) Robocup Team's entry
Robocat is a cross-disciplinary research project
(including ME, EE, CS students and faculties) for
Robocup small-size league competition. The current
OU Robocup team members are Phase V omni-
directional mobile robot, as shown in Figure 1-1. The
Phase V Robocat is an omini-directional robot with
three orthogonal wheels, arranged 120° apart. Each
wheel is driven by a DC motors installed with shaft
optical encoder. The robot is operated by an PC104
computer with 486 processer running linux operating
system. A roof camera over the play field can sense the
position and the azimuth angle of robots.

From the robot testing and competition at the
Robocup games, it is realized that a precise trajectory
control for the robot is one of the key areas to improve
the team's performance. The trajectory control of the
omni-directional mobile robot can be divided into two
tasks, trajectory planning and trajectory following.
Trajectory planning is to build a feasible and optimal

geometric path. Trajectory following is to use feedback
control to track the path [4]. Since the Robocup robot
will work in a dynamic environment, the trajectory
following should be able to drive the robot to follow
any feasible path.
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Figure 1-1 Phase V Robocat Robot

It appears that most research on omni-directional
mobile robot has been focused on the mechanical
design and dynamic analysis. The dynamic model and
high precision path following control has not been
thoroughly studied. Many omni-directional dynamic
models assume that the motor is controlled by an ideal
servo, and the motor output torque can perfectly follow
the command [7]. However, the motor and servo
dynamics constraints can greatly affect the robot
behavior, especially when the robot is accelerated and
decelerated. In [6] and [11], the dynamic model of the
omni-directional mobile robot is developed, and
several control strategies for omni-directional mobile
robot are discussed. In [6], a resolved-acceleration
control with Pl and PD feedback is developed. In [11],
the PID control, selftuning PID control, and fuzzy
control of omni-directional mobile robot are
introduced. The controllers developed in [6] and [11]
are based on linear control method while the robot
dynamics is nonlinear. Thus, feedback gain of the
controllers in [6] [11] have to be tuned to achieve
system stability for differnt trajectory. In [6], gain
scheduling is used to assign different feedback gains
for different types of trajectory. In [11], adaptive
control and fuzzy rules are used to adjust the feeback
gain. However, in the dynamic environment such as
soccer competition, it is difficult to predetermine the



trajectory and adjust the feedback gain in real time to
gurantee both stability and  transient response
perfomance of the robot control system. To achieve
better performance, a unified trajectory following
controller can follow any given feasible trajectories is
desired.

In this paper, an omni-directional mobile robot
controller using nonlinear control method s
developed. The method is based on linearization along
a nominal trajectory, and is known as trajectory
linearization control (TLC). The TLC combines
nonlinear dynamic inversion and linear time-varying
eigenstructure assignment in a novel way, and has
been successfully applied to missile and reusable
launch vehicle flight control systems [8][9][10]. The
nonlinear tracking and decoupling control by
trajectory linearization can be viewed as the ideal
gain-scheduling controller designed at every point on
the trajectory. Therefore the TLC provides robust
stability and performance along the trajectory without
interpolation of controller gains.

In Section 2, the omni-directional mobile robot
model is first developed based on the kinematics,
dynamics of the robot and the DC motor. Based on this
model, in Section 3, a dual-loop controller for the
robot is developed using TLC method. In Section 4,
simulation tests of the controller are presented, where
it is demonstrated that the robot is able to follow three
typical trajectories with the same controller gains.
Plans for future work are discussed in Section 5.

2 The Omni-Directional Mobile Robot Model

As a first step to develop a robot controller, the
equations of robot motion need to be derived. Several
simplifying assumptions are made. For example, it is
assumed that there is no slip in all the three wheels,
and the friction force is simplified to be represented by
a viscous friction coefficient. Electrical time constant
of the motor is also neglected. It is expected that the
feedback controller based on this simplified model can
compensate the unmodeled dynamics.

2.1 Coordinates and Symbols

There are two coordinate frames used in the
modeling: the body frame (Cartesian frame) and the
Earth (World) frame. The body frame is fixed on the
moving robot with the origin in the center of chassis,
as shown in the figure 2(a). The Earth frame (World
frame) is fixed on the play ground, as shown in figure
2(b).

The following symbols are used in the modeling:
Wheel 1—rear wheel, Wheel 2—front right wheel,
Wheel 3—front left wheel

m  — robot mass

Iz — robot moment inertia
R —wheel radius

L —radius of the body

n  —gear ratio
Wm1, Wm2, Wm3
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Figure 2 Coordinate Frames

(b) Earth (World) frame

Body frame

X,Y— traction forces in the Body frame

N —body rotation torque

r  —angular rate of body rotation

u, v —velocity component in the Body
frame

[f1, f2, f2]T — Traction force of the wheels

[u1,usus3]T  — Input Voltage of the motors

Earth ( World ) Frame
x,y —robot location
¥ —azimuth angle of body

2.2 Robot Dynamics

In the body frame and by Newton's law we have
U TV X
v|l=|-ru|+H|Y |,
s 0 N
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From geometry of mobile robot we have
u Wmi
v = (BT)i1 — Wm2 |,
T n Wm3
The dynamics of each DC motor can be described
using the following equations
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where v is the applied armature voltage, i, is the
armature current, L, is the armature inductance, R, is
the armature resistance, k5 is the emf constant, k- is
motor torque constant, .J, is the combined moment of
inertial of the motor, gear train and wheel referred to
the motor shaft, byis the vicious-friction coefficient of
the combination of the motor, gear and wheel.

Because the electrical time constant of the motor
is very small comparing to the mechanical time
constant, we can neglect dynamics of the motor
electric circuit, which leads to

% =0; lg = %a(u— kawm)-
With this assumption, and using the vector notation,
the dynamics of the three identical motors can be
written as
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Combining (2-2-1) with (2-2-2) and (2-2-3), we
get the dynamic model of the mobile robot in the body
frame [u, v, 7]" with the applied motor voltages u,
us, ug as the control input
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i 0 T
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+HB - #4- | u (2-2-4)
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where G = (I + HBBT™x)

2.3 Robot Kinematics
The coordinate transform from body frame to the
world frame is given by

z u Wm1
Y| =Alv| = AC | wmo (2-2-5)
\i/ T Wm3
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The equations of motion (2-2-4) and (2-2-5) describe
the simplified robot behavior. In this model the
friction constant b, and gear coefficient can be
measured experimentally. The unmodeled slip
dynamics is further studied in [2].

3 Trajectory Linearization Controller Design

In the previous Robocat omini-directional motion
controller design, three independent motor speed
controller were installed. Like most omni-directional
robots, the command (set point) of each motor
controller are computed by dynamic inversion of the
robot kinematics. However, because the inevitable
errors in the open-loop controller, in most experiments
the mobile robot could not follow the desired
trajectories.

In this section, a controller design based on
Trajectory Linearization Control (TLC) is presented.
TLC is a novel nonlinear control design method
proved to be very successful in nonlinear decoupling
and trajectory tracking [8], [9], [10]. To simplify the
design, a two-loop controller architecture is employed,
as shown in Figure 3-1. The inner loop is bodyrate
controller to follow the command from the outer loop.
The outer loop controller adjusts the position of the
robot with the position from the vision system. In both
outer loop and inner loop controller, TLC controllers
are consisted of two parts. The first part is feedforward
controller which computes the nominal control based
on the system model using pseudo dynamic inverse.
The second part is a feedback controller. The feedback
controller can adaptively force the system back to the
nominal trajectory produced by the dynamic inverse
feedforward controller.

Figure 3-1 Robot TLC Controller Structure

3.1 Outer loop Control
From the (2-2-5), the nominal body rate for a
desired trajectory [z(t), y(t), ()] is
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[Z(t),7(t), T()]" and [a(t),o(t),7(¢)]" vyields the
error dynamics
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Now stabilizing the tracking error with the
proportional-integral (PI) feed back control law

bu e [e.(t)dt
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Define the augmented outer loop tracking error vector
by
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Then the closed loop trackin_g error state equation can
be written as

¥ = Ay
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where O; denotes the 3 x 3 zero matrix, and I
denotes the 3 x 3 identity matrix. Now select K, and
Kpto achieve the desired closed-loop tracking error

dynamics
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coefficients of the desired closed-loop characteristic
polynomial of each  channel given by
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Now the tracking command to the inner loop is

given by
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3.2 Inner Loop Controller

From (2-2-4) the nominal motor control input voltages
[@1(t), wa(t), us(t)]T for the desired body rate
[u(t),w(t), 7(t)]" are given by
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and linearizing (2-2-4) along the nominal trajectories
[@1(t), wa(t), us(t)]" and [u(t),v(t),7(¢)]" yield the
linearized inner loop tracking error dynamics
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Design the PI feed back control law by
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and define the augmented inner loop tracking error
vector by
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Then the close loop tracking error state _equation can
be written as

i) = Aaen
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Now select K75 and K p, to achieve the desired closed-
loop tracking error dynamics
Alc =
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where azj1 > 0, agje > 0, j = 1,2, 3, are the
coefficients of the desired closed-loop characteristic
polynomial of each channel given by
A2+ aspp X + agj1. It is easy to verify that
Ky = 7B271 dlag[ —ao1] —ag1 —a231 ] (3-1-8)
Kpy = By (Ay — diag[ —asi2  —aze  —ass))
Finally, the control input voltage to the motors are
given by

Uy 5’&1 u_1
Ug | = 5’&2 + | ugy (3-1-9)
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4. Simulation

In the simulation, the robot is tested with three
different trajectories to follow: (i) a set-point
trajectory, (ii) an acceleration trajectory with fixed
acceleration rate and (iii) a circular trajectory. These
three trajectories are typical trajectories encountered in
the real-time competition. The controller can follow
these three different trajectories with the same
controller gains.

The omni-directional robot can move indepen-
dently in translation and rotation. The robot has three
dimension of freedom (3 DOF). In the simulation, it is
shown the controller can effectively decouple and
stabilize the robot movement. Unlike many other
previouse works, which wusually use seperated
translation trajectory and rotation trajectory, in the
simulation, the robot can be driven to follow the
translation and roration trajectories simultaneously.
Without loss of generality, the initial position of the
robot was set to [0 0 0] for all tests, and the robot
was stationary in the initial position.

4.1 Location control.

The robot is driven to stop at [0.05 0.05 /4]
from the origin point. The simulation result is shown
in Figure 4-1.

4.2 Accleration trajectory

In the test, the robot was commanded to accelerate
from the original position to the predefined speed
&=0.Tm/s; y=0.6m/s; ¥ = 0.1rad/s with fixed
acceleration rate # =0.15m/s? y=0.15m/s?%

¥ = 0.02rad/s?. The simulation result is shown in
figure 4-2.
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Figure 4-2 Simulation of fixed speed trajectory

4-3 Circular Trajectory

In this test the robot was commanded to accelerate
from the initial position and circle around with the
angular rate acclerated from 0.05 rad/s to 1 rad/s. The
center of the circular trajectory was at [0 -0.5], and
the robot body was kept facing the tangent direction.
The simulation result is shown in Figure 4-3 and



Figure 4-4. Note that in Figure 4-3 the azimuth angle
¥ tracking error is shown on the order of 0.001
radians, and the tracking errors of zand yare on the
order of 0.001m.

5. Conclusion and Future Work

In this paper, the equations of motion for an omni-
directional mobile robot are derived based on the robot
kinematics, dynamics and the motor dynamics. Based
on this model, a novel nonlinear controller using
Trajectory Linearization Control (TLC) is designed.
The simulation results show that with the same con-
troller gains, the robot can be controlled to follow
different trajectories accurately. The robust stability of
TLC makes it easy to tune these controller gains.

In this paper only simulation testing results are
shown. The next step is to implement and test the
controller on the real Robocat robot. Then the control-
ler will be integrated with the vision system and Al
system of the Robocat.
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