N
N

N

HAL

open science

Trajectory tracking and time delay management of
4-mecanum wheeled mobile robots (4-MWMR)
Samia Mellah, Guillaume Graton, El-Mostafa El-Adel, Mustapha Ouladsine,

Alain Planchais

» To cite this version:

Samia Mellah, Guillaume Graton, El-Mostafa El-Adel, Mustapha Ouladsine, Alain Planchais. Trajec-
tory tracking and time delay management of 4-mecanum wheeled mobile robots (4-MWMR). ACD’19:
15th European Workshop on Advanced Control and Diagnosis, Nov 2019, Bologne, Italy. hal-
02381870

HAL Id: hal-02381870
https://hal.science/hal-02381870
Submitted on 26 Nov 2019

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépot et a la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche francais ou étrangers, des laboratoires
publics ou privés.


https://hal.science/hal-02381870
https://hal.archives-ouvertes.fr

ACD2019, 086, v4 (final): Trajectory tracking and time delay management of 4-mecanum. ..

Trajectory tracking and time delay management
of 4-mecanum wheeled mobile robots

(4-MWMR)

Samia MELLAH!, Guillaume GRATON!:2, El-Mostafa EL-ADEL!, Mustapha
OULADSINE!, and Alain PLANCHAIS?

! Aix Marseille Univ, Universit de Toulon, CNRS, LIS (UMR 7020), Avenue
Escadrille Normandie-Niemen, F-13397 Marseille Cedex 20, France
samia.mellah@lis-lab.fr,

2 Ecole Centrale Marseille, Technopole de Chateau- Gombert, 38 rue Frederic
Joliot-Curie, F-13451 Marseille Cedex 13, France
3 ST Microelectronics Rousset, 190 avenue Celestin Coq, ZI - Rousset-Peynier,
F-13106 Rousset, France

Abstract. Nowadays, wheeled mobile robots have a very important role
in industrial applications, namely in transportation tasks thanks to their
accuracy and rapidity. However, meeting obstacles while executing a mis-
sion can cause an important time delay, which is not appreciable in indus-
try where production must be optimal. This paper deals with the time
delay management, the trajectory generation and the tracking problem
applied on four wheeled omnidirectional mobile robots. A strategy is
proposed to minimize or compensate the time delay caused by obstacles.
The approach is done by updating the reference trajectory. This update
helps to track the trajectory in real time, a new control law based on
the feedback linearization control theory is synthesized to track perfectly
generated or updated trajectories.

Keywords: Vision and robotics, 4-mecanum wheeled mobile robot, kine-
matic model, feedback linearization control, trajectory generation and
reconfiguration.

1 Introduction

Mobile robots, thanks to their capability of replacing humans to achieve hard,
tedious, and risky activities, become a subject of high interest in the industrial
application domain as well as in the scientific research area.

Mainly, three types of mobile robots (MR) are distinguished: unicycle, car-
like, and omnidirectional MR. Unicycle and car-like MR are called ”nonholo-
nomic robots”, while omnidirectional ones are called ”holonomic robots”. The
difference lies in the number of degrees of freedom (DOFs). Nonholonomic robots
are limited on only two DOFs, while the holonomic ones are characterized by
three DOFs in the horizontal plane [1].
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Unlike nonholonomic mobile robots, each wheel on the omnidirectional mo-
bile platform is actuated by a separate DC motor. This property allows them to
reach any position on their plane of motion without the need of any angle reori-
entation and makes them more adaptable for transportation, especially in tight
spaces, where maneuvering to change the moving direction becomes complicated.

Omnidirectionaly is the ability to move instantaneously in any direction from
any configuration without having to change the orientation angle. This property
is obtained thanks to the omnidirectional wheel structure.

Omnidirectional wheels are based on the concept of a central wheel with free
rollers placed at an angle around the periphery of the wheel. Several different
omnidirectional wheel mechanisms are distinguished depending on roller types
and inclination angles [2], [3]. Mecanum wheels are one type of omnidirectional
wheels among the others. They were invented by Bengt Ilon in 1973 [4] and are
characterized by spherical rollers angled at 45° to their hub circumference.

Mecanum wheels are more appropriate for carrying heavy goods in the in-
dustrial environment [5]. Fig. 1 illustrates the wheel structure. More information
and illustrations can be found in [6]. In this work, we are interested in mecanum
wheeled mobile robot, especially the one with 4 wheels (4-MWMR).

Fig. 1. Mecanum wheel design

1.1 Problem description

This work takes place in the project PRODUCTIVEA4.0, in collaboration with
STMicroelectronics (Rousset, France). STMicroelectronics is an international
company specialized on semiconductor production. Products in the semiconduc-
tor manufacturing fabrication facility (fab) go through about 1200 fabrication
steps, where each step is allocated to one or several qualified entities or equip-
ment.
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In order to optimize the production, STMicroelectronics Rousset plans to
use omnidirectional mobile robots to transport batches from one equipment to
another.

Using robots instead of human operators for transportation allows to acceler-
ate the fabrication process. Also, independently of their rapidity, mobile robots,
contrary to human operators, do not get tired of doing repetitive tasks, fact that
can optimize the production.

The production fab contains humans and equipment units. Unfortunately,
this restricts the robot working space, and makes meeting obstacle inevitable.
Meeting an obstacle during the mission execution may cause an important time
delay, which is not acceptable regarding the main purpose of the manufacturing
fabrication facility (fab) robotizing. The robot time delay managing is the main
focus of this paper.

1.2 Some literature related works

Due to the important role that occupy mobile robots in a lot of domains nowa-
days, especially the omnidirectional ones, many efforts have been done by re-
searchers regarding the omnidirectional mobile robot kinematic and dynamic
modeling, their control, and also the fault diagnosis in order to improve more
and more their autonomy and intelligence. This section gives some relative re-
search works that can be found in the literature.

Concerning the 4-MWMR modeling, authors in [7] propose a dynamic model
based on bond graph theory, while authors in [1], [8] and references therein
give an approach based on the Lagrangian theory to propose two other versions
of dynamic model. In [9], the kinematic model of the same type of robot is
developed. Other kinematic and dynamic modeling methods can be found in
[10], [11] and references therein.

For a three wheeled omnimove mobile robot control, a feedback control law
is proposed in [12], while authors in [13] propose a sliding control based on fuzzy
logic theory. An other control law based on inverse Input-Output linearization
is proposed for the same robot in [14].

For a 4-MWMR, robust control is proposed in [8] and an adaptive robust
control is proposed in [15], while in [16], an integral sliding mode controller is
synthesized.

In [17], a fault diagnosis method based on extended Kalman filters and par-
ticle filters is proposed to detect and isolate faults in a three wheeled omnidirec-
tional mobile robot. Authors in [1] propose a control law allowing to deal with
wheel faults. In [18], a -MWMR fault diagnosis problem is studied. A method
based on extended Kalman filter is proposed to detect and isolate both sensor
and actuator additive faults.

This work deals with the omnidirectional mobile robot trajectory reconfigu-
ration and tracking problem. The main contribution focuses on proposing a way
for managing the time delay caused by obstacles. For the best of our knowledge,
no work has been published regarding the -MWMR trajectory reconfiguration
for time delay management.
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The remaining of this paper is organized as follows: the omnidirectional mo-
bile robot mathematical model is described in section 2. Section 3 contains the
control theory. The trajectory reconfiguration to deal with time delay caused by
obstacles is explained in section 4. In section 5 some results of simulated scenar-
ios are exposed to show the effectiveness of the proposed approach, and finally
a conclusion and some perspectives are done in the last section 6.

2 4-MWMR mathematical model

Fig. 2 shows a 4-MWMR geometry. To consider the kinematic model, it is as-
sumed that the robot is placed on a plane surface where (O, z, 7) is the inertial
reference frame and (G, Th, y’ﬁ) is a local coordinate frame fixed on the robot at
its center of mass, which coincides with its geometric center G.

Sy

0=

Fig. 2. Geometry of a 4-mecanum wheeled robot.

2.1 Nomenclature

The following notations presented in Table 1 will be used throughout this article.
Variables are illustrated in Fig. 2.

2.2 Forward kinematic model

The robot is assumed to be equipped with a gyroscope to provide its orientation
angle 6, with a positioning system (like beacon, WIFI, GPS, ...) to provide its
position (,y), and with sonars to detect obstacles. The forward kinematic model
is given in the robot local frame (G, Zz,y7) by the following equation [1]
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Variable Description & unit
x,y Robot position along z-axes and y-axes (m).
0 Robot orientation angle (rad).
Iz Half distance between front or rear wheels (m).
ly Half distance between front and rear wheels (m).
l=1l.+1
R, Wheel radius (m).
wi = 60; |Wheel angular velocities (rad/s).

Table 1. Nomenclature

i 111 17 [w
R
iR _Re o111 -1 |we 1)
0 4 |zt 1 =117 jws

R

This model can be expressed in the inertial reference frame (O, ?, 7) using
the following transformation matrix (more details are given in [1]):

T TR cosf —sinf 0
y| =R(O) |yr|, with R(0) = |sinf cosf 0 (2)
0 0 0 0 1

Finally, using (1) and (2), the forward kinematic model is done in the inertial
reference frame by the following continuous state-space representation form:

X = B(O)u
{Y:C’X—i—e 3)

where C = I3 is a (3 x 3) identity matrix, e denotes the measurement noise or

sensor error, it is assumed to be non-correlated gaussian white noise with known
. . T T

covariance matrix W, X = [z,v,0]" , u = [w1, wa, w3, wy] , and

cosf +sinf cosf —sinf cosh —sinf cos +sind

Ry . _ . . . _
B(6) = = sm0_10059 51n9—|1—0089 sm@j—lcose sin 0 ; cosf (4)

l l l l

3 Feedback linearizing control

The state-space representation model given in (3) can be controlled using a
feedback linearizing control [19]. In the studied case and according to (3), the
first state derivative X is a linear expression of u with varying parameters given
by (4). By introducing v as v = B(Yp)u, with B(Yy) has the same expression as
B(0) except that 6 is replaced by its measurement Yp, it follows:

X =v
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Then, using a pole placement method, the control law is given by: [19]

v = aO(Y;ef — Y) + CLl(Y,«ef — Y) —|— .+ an_l(Y:égl _ Y"—l) + a’TLYTZf (5)
u = B(Yy)tv

where Y™ corresponds to the n'" derivative of Y (here n = 1), (Yoeys, ..., Y,? )
the reference trajectory and its successive derivatives, B(Yp)" the pseudo-inverse
of B(Yy) such that B(Yy)B(Yy)" = I, the identity matrix. Coefficients aq, ..., an
represent the polynomial coefficients which have to be chosen such that the poles
of polynomial

ap+ a1S+ oo+ an_15" + a,s"

are with negative real parts. The system is represented by the functional scheme
illustrated in Fig. 3.

When a mission is given to the robot (initial and final position, distance, and
mission duration), the reference trajectory block (see Fig. 3) plans a trajectories
with respect to the mission properties.

The control block then calculates in real time the control allowing the robot to
track its planned trajectory. Sensors described in the beginning of subsection 2.2
provide the needed measurements to the robot in order to update its trajectory
and its control law. Using the feedback linearization, the theory allows to track
perfectly the desired trajectories. Results are illustrated in section 5.

If obstacle detected

Mdetection
w1
[
u=| 2 x
: r w3 Y=y
Mission Trajectory Trajectory w, p
generation/ tracking Robot Measures —
reconfiguration | [*ref control
ref
gref

Fig. 3. System functional scheme.

4 Trajectory generation and reconfiguration

The robot is controlled to accomplish a number of small missions between several
production areas. The summation of these elementary missions gives the global
mission for the robot. Before generating trajectories with respect to z,y, 0, &, 7, 9,
missions have to respect the robot physical capacities limitation regarding to
accelerations and velocities.

For that, and according to mission 4, the minimal necessitated time ¢,y (%)
to execute the mission ¢ by the robot is calculated according to the distance,
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the maximum velocity and the maximum acceleration and deceleration. Each
mission duration must be greater than ¢,,;,(7) to be sure that the mission does
not induce any time delay.

According to the time given for the mission, the maximum acceleration and
deceleration and the distance to go, the mission velocity is updated for the
elementary mission.

The trajectory planning for each elementary mission is done as follows: given
the initial and the final desired positions Zy and Z¢, a velocity profile is planned
respecting the mission duration, the maximum acceleration and deceleration, and
the maximum velocity as explained here above. Then, from the velocity profile,
position profile is deduced by time integration. Finally, these two velocity and
position profiles are projected on the x-axes and y-axes respecting the orientation
angle 6. This generates the velocity and position trajectories with respect to z-
axes and y-axes as follows: v, = vcosf, and vy = vsind. Fig. 4 shows an example
of velocity and position generated profiles to move from point (0, 0) for a distance
of 40 meters in a duration of 35 seconds.

Velocity trajectories generation
1.5
T T

v [m/s]

30~ g
//

E 20 _ E
S -

10~ / B

-
| | | | | |
vﬂ 5 10 15 20 25 30 35

Time [s]

Fig. 4. Velocity and position trajectories example

When a temporary and unexpected obstacle (like human or another robot)
is detected on the robot trajectory by the sonars, the robot stops and waits for
the obstacle to move away. This causes a time delay with respect to the planned
elementary mission.

To prevent the time delay to have a significant impact on the robot global
mission, trajectory references are reconfigured. In the recalculated trajectories,
robot is allowed to reach its maximum allowed velocity.

Once the time delay is compensated, robot can reduce its velocity and track
the first planned trajectories for the rest of its missions. If the delay cannot be
completely compensated in the current mission, the delay is transmitted to the
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next mission, which goal is to reduce or compensate the delay by acting on the
velocity.

5 Simulation results

To explain and to show the effectiveness of the proposed method, a scenario is

proposed without and with obstacles and obtained simulation results are exposed

in this section.

The scenario consists in doing three consecutive and elementary missions (see

Fig. 5):

Mission, moving from point (0,0) with respect to z-axes for a distance of 40
meters in 35 seconds

Missions from point (40,0), moving with respect to y-axes for a distance of
20 meters in 37 seconds

Missiong form point (40, 20) moving with respect to both of z-axes and y-axes
for 40 meters in 52 seconds.

50 Scenario reference trajectory y(x)
T T

Mission 2

Mission 1

L L 1 1 1
o
[ 10 20 30 40 50 60 70
x (m)

Fig. 5. Global mission scenario.

Respecting the robot physical limitations, and for security reasons, the robot
maximal acceleration d@,,q., its maximal deceleration d,,,, and its maximal ve-
locity Umae in the fab are limited to: @mazr = dmaz = 0.5 M/82, Vypaw = 1.8 m/s.
According to the xz-axes and the y-axes, the acceleration or deceleration and the
velocity defined before are projected using the orientation angle 6.

To complete the simulation background, measurements are observed with
noises which are non-correlated gaussian white noises with the following covari-
ance:

001 0 0
wW=|[ 0 001 0 (6)
0 0 0.001

For the first simulation, no obstacle is on the way of the robot. Fig. 6 il-
lustrates the reference temporal velocity trajectory for each mission, while Fig.
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7 shows in blue the reference temporal trajectories with respect to z-axes, and
y-axes for each mission, and the robot trajectories in red.

By introducing the error e;(k), for each time instant k, as the difference
between the reference and the measurement,

ez(k) = yi,ref(k) - yz(k)v

where ¢ = 1 for the z-axes, i = 2 for the y-axes and i = 3 for the angle 6. The
absolute error mean m; and the error standard deviation s; are defined by:

1 N
mi= > lei(k)]
k=1
1 N

Si=N_1 Z(|@z(k)‘ —m;)®

k=1

As it can be clearly seen in Fig. 7, the feedback linearization control allows
to track perfectly reference trajectories with respect to z-axes, y-axes. In fact,
the absolute error mean and the error standard deviation given in Table 2 are
small, less than 1072,

1 |Variable m; Si

1 e 1072 7.6 1073
2 ey 9107® | 711073
3 es 81073 6.11072

Table 2. Absolute error mean and the error standard deviation

velocity

T
ot ' | y in missi
Mission ! ! B . e
1.5~ 1 ! ! velocity y in
) | |
E b | issi |
K i MISSIDI'I2 !
0.5 | i
I I
o | S | ] | | |
[ 20 40 60 80 100 120
I I T
! ! — velocity 'y in missic
I I
15— ! ! velocity y in missi
& Mission
'\é’ 1 i Mission, |
E 1 ! !
>>~ I I
05— y \1
I I
\ ’
o | | | I I I
[ 20 40 60 80 100 120

Fig. 6. Temporal velocity reference without time delay.

Time [s]
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I I
60— : : |
Mission, | Mission, |
T 40 . . -
E I ]
> ! ! —— Reference trajectory
20— ! ! -~ ~ Robot trajectory -
I I
I I
o | I I I . I I
0 20 40 60 80 100 120
I I
60— : : |
i I
I I
T 40 ! I |
= Mission, ! Mission, |
i : ! — Reference trajectory| |
! ! - - - Robot trajectory
I I
o | I . | I I
[ 20 40 60 80 100 120

Time [s]

Fig. 7. Reference position trajectories tracking

For the second simulation, the robot has to execute the same scenario (see
Fig. 5), but it meets an obstacle while it is executing the first mission at time
28 s, and is going to have a time delay of 5 s. Then, an other obstacle at time
66 s while it is executing the second mission, that create a time delay of 10 s.

The trajectory reconfiguration bloc (see Fig. 3) updates the reference position
and velocity trajectories to compensate the time delay caused by these obstacles.
Results are shown in figures 8 to 11 below.

Fig. 8 shows planned position trajectories before obstacles and the updated
ones after meeting obstacles for the first and the second missions.

T T T T T T ‘
60— ! ! et I | H
Mission, ! ! Mission, ' ! —— |
- I I I | - Planned mission, end |
E 40— L — i s 1
s [ | I Updated mission, end——»]
= - I | |
* |
| | | | —— Planned x . ) |
20— Plarfied mission, end ! ! Planned mission, end ! ! re H
! ! e i I -~ -Updated x,__(t) I
|Updated mission, end— > Upd‘ared mission, end,— | ‘ : L
. | . .
0
[ 20 40 60 80 100 120
[ T T T R T
50 ! ! ! ! ‘
40 Mission, i | Mission, | | = A
-~ ! ! Planned mission, end. | ! ~ |
& 30 ! ! : T Flanned mission, end > |
5 Updated mission,, end.——»" Updated mission. en !
B I I 2 B Ip  end— >
> 20 Planned mission_ end- ! ! Lo- H
T [ ! e — Planned Xeor (t) |
| I I
10 Updated mission, end——»| " - -=-=-- | -~ - Updated x__, (1) g
) | I
I . o I | T L
) 20 40 60 80 100 120

Fig. 8. Planned and updated reference position trajectories

Fig. 9 illustrates the updated velocity trajectories after detecting obstacles.
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: Updated v, (t)
Mission Mission, Mission Previous v (U]

1 2
—— Maximum v, ()

v, [mis]

Obstacle,

Updated v, ()
Mission Mission,, Mission, Previous v, (t)
-~ Maximum v, ()

v, [mis]

Obstacle,,

Timan a1

Fig. 9. Updated reference velocity trajectories

In order to illustrate the effectiveness of the proposed control, the updated
reference position trajectories are plotted in the same figure with the robot
trajectories. Tracking results are illustrated in Fig. 10 below.

T T ——
60 Mission, | Mission, | Mission, ___— 7
1 1 ©
- | L |
£% B |
) /// ! |
20 _ ! ! —— Reference trajectory -
- ! ! ---- Robot trajectory
o— L | I |
0 20 40 60 80 100 120
T T
60 Mission, ! Mission, | Mission, 7
| | _
| i -
~ I ! —
E% —
> | i —
20 - i //i—/" - —— Reference trajectory ’»
! — — -~~~ Robot trajectory
0 L | I |
(/] 20 40 60 80 100 120
Time [s]

Fig. 10. Updated position trajectories tracking

The temporal delay evolution is represented in the last Fig. 11 to show how
the proposed method compensates the time delay. As can be seen in this figure,
the delay caused by Obstacle; could not be compensated during Mission,, and
the robot could not reach the position (40,0) in 35 seconds. This delay impacted

11
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the beginning of Missiong, but it has rapidly been compensated by the robot in
Missions. An other obstacle Obstacles appears before the complete execution of
Missions, and causes an other delay impacting the beginning of Missiong. Fi-
nally, this second delay is compensated during Missions and the global mission
is executed on time.

12

T T

i i
i i

10— S ! et ! —
MISSIOII1 } MISSIOI’IZ //\ ;

I ’r’ N

I I

~ 8- / —
ol | [
> i / i
3 t / I
I I

S 6 | / | 7
(] I / I
E / | / |

S 1 | _
// ! // !
/ | / |
/ | / |

2 Obstacle, / | Obstac / | B
/ | stacle, / |

/ /
0 \\ [ 1 N/ L I |
[ 20 40 60 80 100 120
Time [s]

Fig. 11. Delay temporal evolution

6 Conclusion

In this paper, a four-mecanum wheeled mobile robot time delay managing, tra-
jectory generation/reconfiguration, and trajectory tracking problems are treated.
Because of obstacles met in the way of robots, especially in tight places where
humans and robots collaborate, robot can have a considerable time delay pre-
venting it to do its charged mission in time. However, mission duration must
be respected especially in industry where time delay can cause important con-
sequences for production.

A good strategy to compensate or eliminate obstacle generated time delay is
proposed in this work. This strategy consists on updating planned trajectories
with respect to the delay while respecting robot physical limitations, then using
feedback linearized theory, a control law is synthesized to track perfectly the
concerned trajectories.

In this work, only one robot is considered. The obtained results are satisfying
and convincing. In future studies, we plane to use the same strategy for a fleet of
robots. The fleet will be charged to do a global transportation mission composed
with many elementary missions destined to many robots. The goal is to respect
the global mission. Each robot must communicate its time delay to the others if
it can not compensate it by its own. Planned trajectories for the rest of robots
must be updated in real time so that to try to compensate this time delay.
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