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Abstract

This paper deals with the motion generation approach
developed for our ommnidirectional mobile robots. QOur
objective, overall control architecture of the mobile
robot and its motion controller are considered. The key
idea and advantages of the proposed motion generation
approach are discussed. The approach is implemented
and tested on the ommnidirectional mobile robot and the
experimental results obtained are presented. The oper-
ation of the control system is illustrated by a video on
the remote control of the robot and the visually-coupled
motion of the two robots.

1 Introduction

The objective of our research work is to develop a
control system which ensures an accurate, fast and
smooth motion of the omnidirectional mobile robot to
a given goal. The system must be suitable for remote
control (teleoperation) and capable to operate in the
presence of delays in receiving the control commands.
The control system is to provide the vehicle to track a
specified object that can be detected and localized by
processing visual data gathered by an on-board color
CCD camera. The control system has to be capable
of reactive and cooperative control in a multi-robot
environment.

The control architectures of various complexity are
known: a centralized architecture was considered
in [1], a distributed behavioral architecture was pro-
posed in [2], and an hybrid architecture was discussed
in [3]. The hybrid architecture involves a functional
distributed level and a centralized level and is well
suited to operate with a combination of synchronous
processes (e.g. servo-control) and asynchronous ones
(e.g. processing visual data about the environment, re-
mote control). Various methods of motion generation
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are developed and make use of spline-interpolation [4],
e.g. polynomial spline-interpolation was considered
in [5, 6]. Obtaining the reference trajectories which
are feasible for the servo-systems of the robot was in-
vestigated in [7].

Our paper focuses on the motion generation approach
as well as the control architecture developed and im-
plemented in the control system of the omnidirectional
mobile robot. The paper is organized as follows. The
omnidirectional mobile robot and its kinematic model
are presented in section 2. The architecture of the
control system is discussed in section 3. The motion
generation approach is considered in section 4. The
experimental setup and results obtained on the om-
nidirectional mobile robot are discussed in section 5.
The conclusions are given in section 6.

2 The Mobile Robot

The mobile robot is shown in Fig. 1. The robot is
equiped with four omnidirectional wheels which al-
low it to perform motions in two directions and ro-
tate simultaneously. The robot is equiped with three
DC motors and a transmission mechanism to provide

Figure 1: The omnidirectional mobile robot

the omnidirectional motion [8]. Three servo-systems
execute the motion control commands issued by the
control system of the robot and ensure attaining the



commanded position, orientation and velocity.

The sensor system of the robot involves a color CCD
camera, eight sonar range sensors which gather data
about the local environment in order to evaluate rel-
ative distances between the robot’s frame and envi-
ronmental objects. Processing the color data about
the local environment allows it to detect and local-
ize a specified object, e.g. another mobile robot. The
sensor system also involves three encoders used in a
feedback loop of the servo-systems.

The control system processes the data obtained from
the sensor system and the servo-systems and issues
the motion control commands which are subsequently
executed by the servo-systems. The robot is capa-
ble to follow a specified object (e.g. a mobile robot)
while keeping a safe distance to the object as a func-
tion of the motion velocity. The robot can also be
controled by a remote operator from a graphical user
interface [9]. In this case, the target positions are set
by the operator and transmitted to the on-board con-
trol system of the robot via a wireless Ethernet. The
infrared communication system is used for inter-robot
communication when the robots are assigned to per-
form cooperative tasks [10].
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Figure 2: A kinematic model of the mobile robot

The kinematic model of the robot is depicted in Fig. 2.
The coordinates of the robot relative to a reference
coordinate system X% are denoted as x = (z, y, )7,
where 2 = z(t) and y = y(¢) are the coordinates of the
intersection point C of the imaginary axes connecting
the wheel centers of each pair of the parallel wheels,
0 = 6(t) is the orientation of the robot, and ¢ is time.
Let R denote the wheel radius and L denote the dis-
tance between the point C and the wheel center. The
robot’s velocity relative to X7 is

X' =7J"q, 1)

where X" = (&7, 97, 07)T, & = (41, G2, g3)" represents
velocities of the actuators, and J” denotes the Jacobi

matrix with respect to X7:

R 0 0
JJ=1 0 kR 0 |, 2)
0 0 k#

where k1 and ko are the gear coefficients. Because J”
is diagonal, the translation along each direction and
rotation with respect to X" are decoupled and can be
driven by the corresponding actuators [8]. The robot’s
velocity relative to X% is

x=J(0)4q, 3)
where J(6) is the Jacobi matrix with respect to X*:

k1R cosf@ —k R sinf 0
kiR sinf kiR cos8 0 . @)
0 0 ko &

30 =

The equation (3) allows the evaluation of the trans-
lational and rotational velocities of the robot and the
estimation of its location with respect to ¥%. Equa-
tion (3) is valid for a vehicle moving on flat ground
with a pure rolling contact without slippage between
the wheels and the ground.

3 Control Architecture

The overall control architecture of the mobile robot is
shown in Fig. 3. It involves three main parts: (1) -
the vehicle with its actuators and sensors, (2) - the
on-board control system, (3) - the remote control in-
terface.

The reactive control ensures an autonomous operation
of the robot in a dynamic environment [10, 11]. The
collision avoidance algorithm operates with a rule ma-
trix obtained from an adaptive behavior acquisition
scheme which is based on reinforcement learning. The
reactive control processes data gathered by the ultra-
sonic and infrared sensors as well as the color CCD
camera. Based on the sensors configuration, eight pos-
sible directions of motion are considered [11, 12]. The
reactive control algorithm ensures a collision-free mo-
tion to a given target position.

The motion controller provides coordinated transla-
tion and rotation of the omnidirectional vehicle when
moving to a target position, as well as to attain a
desired velocity of motion. The omnidirectional mo-
tion (holonomic case) or a constrained motion (non-
holonomic case) can be performed according to the
assigned task. For instance, vision-based tracking of a
dynamic object requires the object to be kept in the
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Figure 3: The overall control architecture

view field of the on-board CCD camera and is achieved
by the coordinated control of the translational and ro-
tational coordinates of the robot.

The motion controller is shown in Fig. 4, where:
SPL denotes spline-interpolation, SC - servo-
controllers, D/A - digital/analog converters, M denotes
motors and F(f) is an orthogonal matrix of the
coordinate transformation from X" to X%:

x =F(0)x". (5)
The desired position x4 = (x4, ya4, 84)7 and motion
velocity X4 = (&4, Ja, 02)7 are set by the operator
or evaluated from the sensor data about the envi-
ronment, e.g. during vision-based tracking of an ob-
ject. The spline-interpolation is performed to achieve
the coordination of the drives and generate the refer-
ence functions to control the position and orientation
X; = (.Z'z', Yi, GZ)T and the velocity ).Cz = (.’i)’i, yi; éi)T of
the robot. The servo-controllers ensure the accurate
execution of the commanded reference functions.
The performance monitoring aims to increase the re-
liability and safety of the robot operation. The moni-
toring of measurable signals allows for fault detection
and diagnosis in a closed-loop during the operation,
e.g. measuring the capacity level of the electric bat-

Figure 4: A motion controller of the robot

teries of the robot and, if needed, requesting the con-
trol system to interrupt execution of the on-going task
and direct the robot to a location where the electric
batteries can be replaced.

4 Motion Generation

The motion generation approach makes use of a mod-
ified cubic spline-interpolation [13]. In this section,
the motion generation is discussed for one coordinate
of the robot. In the control system, the approach is
extended for the three coordinates. Let us consider a
cubic polynomial

a:(t)zfja,- (%) 0<t<T,  (6)

=0

where a; are real coefficients and T' > 0 is an interpo-
lation period. Let the boundary conditions be

0) =20, 2(T) = o1,
{gw):ﬁﬁ, HT) = ™

and Azt = 27 — 20.
Key idea. Let us study the case, when for ¢ > 0
the coefficients a; are recomputed with a sampling
period T such that Ty, < T* <« T while Ts > 0 and
Ts, T, &7, Az are constant. Let the appropriations
xo = x(kT*), %o := z(kT*), zr := z(kT™*) + Az,
k =1,2,... ensure the continuity of z(t) and Z(t) at
the boundary between subsequent (k — 1) and k com-
putations.
The goal is to obtain a smooth function z(t) by in-
terpolating from z(kT*), k= 0,1,2,... to a given zy4
when

|za — x(kT*)| > [ Az, (8)

and ensure, that for a given &4 the following condition
holds for n > k:

| &g — #(nT*)| <e, 9)



where € > 0 is a small constant, as well as
2(t)] < Zmaz, (10)

where Z,,4, > 0 is a given constant.

The recomputation of the coefficients a; terms in the
proximity of the given z4:

|za — 2(kT") | < | Az, |, (11)

where Azs = Azs(%4, Fmaz) and | Azs | > | Azr|.

A name virtual running point can be used to indicate
that each k-th interpolation step is performed to a
virtual point situated at a distance Az and this point
is shifted with a sampling period T* in the direction
of 4, as it is illustrated by Fig. 5.
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Figure 5: A virtual running point

First derivative. When the coefficients a; are re-
computed with the sampling period T*, one can derive
from (6) and (7):

k—1
B(kT*) = b &g +c(L+ D bY), (12)
where =1
b=1-47+37%, (13)
A
c=61-7) 72T _302-1)rér (14)

and 7 = L= Because 0 < b < 1, according to [14]:

N ¢
kli}n;ox(kT )= T (15)

Let us denote A
v= % (16)

Then, according to (13), (14) and (15), the following
equation is obtained:

. . 6(1—7')1)—3(2—7').’).:'71"
1 T) = .
o, 2T i3

(17)

Because &7 is an auxiliary constant in such computa-
tions, one can choose &7 = 0 and rewrite (17) as

. 6(1—1)
| T) = ———= 1
fim ST =S g 09
Hence, if v is computed as
4-371
= — 3 19
VS Sa o (19)

the condition (9) is satisfied according to (18).

Second derivative. For an instant ¢t = kT, 27 =0
and recomputation of the coefficients a; with the sam-
pling period T*, one can obtain from (6), (7), (16)
and (19):

o (A=37)ig
k) = S A=) dar
(41__3: Ga—4 i:(kT*)) . (20)

From the equation (20) it follows, that a value of %(t)
depends on a deviation between %4 and #(t). Taking
into account (9), one can conclude that this deviation
has its extremal value at the moment when a new 4
is given, i.e. in the beginning of the interpolation step.
According to (20), for given 4 and #(kT*), there can
always be found such Azr # 0 that

|Z(ET*)| < Zmaz, (21)

where #,,4, > 0 is a given constant.

Recurrent equations. When the coefficients a; are
recomputed with a sampling period T*, the equation
(6) can be rewritten as

3

0= Yais (¢ ‘T’“T*)i, (22)

where t € [kT*, (k+1)T*], £k =0,1,2,... and the
coefficients are:

Qg = .’L’(kT*),

al, = z(kT*) T,

az k= 3 A:CT - 3£i'T T — Qi'(kT*) T,
as,y = —2 Azy + 20T + 2(kT*) T.

(23)

The features of the developed motion generation are:

e z(t) and %(t) are continuous,

e i(t) tends to a given value &4 and the speed of
the convergence depends on the value of Az,

e i(t) is limited and tends to zero while &(t) tends
to .T'Id.



These features allow one to apply the method to var-
ious robotic tasks where trajectory generation in real
time is needed to control the motion of the mobile
robots in a dynamic environment (e.g. collision avoid-
ance or tracking an object).

Simulation example. Let us compare the motion
generation based on (6), (7) with the proposed ap-
proach based on (22), (23). An example of the motion
generation based on (6), (7) is shown in Fig. 6, where
the boundary conditions are: x¢g = 9 = Z7 = 0 and
zr = 5 m. The maximal velocity is set to 0.15 m/s.

0 5 10 15 20 25 30 3 40 45 50
time [s]

Figure 6: An example of motion generation without
recomputation of the coefficients, where 1 - z(t) in m,
2 - &(t) in 10 m/s and 3 - &(¢) in 0.1 m/s?

The proposed approach to the motion generation
based on (22), (23) and recomputation of the spline
coefficients with a sampling period T™* is illustrated
by Fig. 7 with the same boundary conditions. The
desired value of the velocity was &4 = 0.15 m/s and
Azr = 0.15 m. As it is seen from Fig. 7, the proposed
method ensures a near trapezoidal profile of %(t) that
allows the total time to be shortened in comparison
with the case of Fig. 6.
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Figure 7: An example of motion generation with re-
computation of the coefficients, where 1 - z(t) in m,
2 - i(t) in 10 m/s and 3 - &(t) in m/s?

5 Experiments

The developed control system is implemented and
tested on the omnidirectional mobile robot shown in
Fig. 1. The software is developed in C language on
a SUN-workstation. A VxWorks real-time operation
system is used. The compiled code is transmitted via
a wireless Ethernet to the on-board control system
based on a Pentium processor and ISA bus.

The operation of the control system is illustrated by
an example shown in Fig. 8 where the initial coordi-
nates of the vehicle are (0.7, 1.1). In this example, the
desired velocity is 0.15 m/s, and the default rotational
velocity is 0.28 rad/s. Firstly, the robot moves in the
direction of an intermediate position (0.2, 2.7). Then,
after a period of 5 s used in this example, a new goal
position (—1.6, 2.2) is given so that the robot has to
change its motion direction. The corresponding mo-
tion of the robot is depicted in Fig. 8 and the velocity
profiles are shown in Fig. 9.
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Figure 8: Motion on the (z,y)-plane
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Figure 9: Velocity profiles: 1 - v,(t) in m/s, 2 - vy(t)
in m/s and 3 - vg(t) in rad/s

The control system was also tested on two visually-
coupled mobile robots. Our experimental setup is



shown in Fig. 10. One robot is assigned as a leader and
the other as a follower. A remote human operator uses
a graphical user interface and sets goal positions and
motion velocity of the leader within an environmental
map shown on the display. During the motion, the
leader’s position is depicted on the map and the op-
erator views the visual data gathered by the on-board
CCD camera of the robot about the local environ-
ment. The follower is visually-coupled to the leader
and moves as a visually-connected trailer. Our video
illustrates the experiments performed.

Figure 10: Visually-coupled mobile robots: a leader
(left) and a follower (right)

6 Conclusion

The motion generation approach and its implementa-
tion in the control system of the omnidirectional mo-
bile robot were considered. The experimental results
obtained for the remote control and visually-coupled
motion of the two mobile robots have shown effective
operation of the control system. The mobile robot will
be used in a distributed autonomous robotic system
to perform inspection tasks (e.g. to examine equip-
ment of an electric power station) or delivery opera-
tions (e.g. in shops or hospitals). The system can also
be used for entertainment purposes (e.g. in a robotic
soccer competition RoboCup).
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