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Abstract. This work focuses on the proposal for the implementation and
evaluation of control algorithms for the monitoring of autonomous trajectories
based on the kinematic and dynamic model of an omnidirectional robotic
platform in four wheel configuration type mecanum also built for the process of
identification and validation of the dynamic parameters obtained from the
mathematical model by means of an identification algorithm, the evaluation of
these control algorithms is carried out experimentally on the Robotic Platform in
real four-wheel omnidirectional configuration with which it also allows to
evaluate the operation of the Hardware in the Loop control scheme (HIL), a
technique that constitutes the untimely connection of external hardware with
computer equipment allowing to simulate in real time the behavior of the robotic
system with omnidirectional traction in four-wheel configuration type mecanum.
Subsequently the data resulting from the Hardware in the Loop (HIL) control
scheme will be compared to the data obtained in the experimental test for
corresponding validation.

Keywords: Omnidirectional robot - Mecanum wheel - Hardware-in-the-Loop

1 Introduction

In recent years, the robotics industry has developed rapidly. A lot of technologies are
implemented in various applications [1, 2], e.g., mobile robots have the ability to
perform specific tasks in an industrial work environment, homes, hospitals, among
others [3]. Some representative mobile robots include household cleaning robots,
military surveillance drones, warehouse robots and autonomous robots [4, 5]. The latter
have become indispensable components in many applications, including research,
warehouse management, surveillance and safety, and autonomous vehicles [6, 7].
Currently there are different types of platforms that are characterized by the type of
wheels or by the mechanical structure that makes up it among the main ones can be
detailed: i) Unicycle robots, they are formed of a mechanical structure with three
degrees of freedom consisting of two conventional fixed wheels and a stable partial
wheel that is independently controlled on the same axle, so it can automatically nav-
igate in a specific work environment. This type of robot is the most commonly used in
security, surveillance, transport, education and research applications [8]; ii) robots car-
like, it has its kinematic model based on Ackerman’s mobility system with its linear
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speed and rotation angle, this model has a fairly large studio and is the basis for the
current car [9]. Its use has increased significantly due to advances in sensors and
control systems, these range from Google cars to modern automatically guided vehi-
cles. They are used in industrial applications to transport materials in manufacturing,
value-added and warehousing operations [10]; and iii) omnidirectional robots, A
vehicle that can drive with 3 degrees of freedom in a two dimensional space and also
independently control, translation and rotation can be considered as an omnidirectional
robot [11]. By configuration, the omnidirectional robot can move in the desired
direction from any starting position [12], because the mobile system ensures perfect
mobility in any narrow space (curved, diagonal or any other space) because of its type
of mecanum wheels [13]. Due to their versatility they can perform the functions of
suppliers, inspectors, supervise different tasks in remote or explosive areas and provide
support or bases for other robots or manipulators, because of all these features the
demand for the use of omnidirectional robots has increased [12].

Among the different works carried out with omnidirectional robots we can detail: i)
construction, the theory describes that for the construction of such omnidirectional
robots with mecanum wheel the AB configuration is more used [12, 14], and the
arrangement of the wheels are made rectangular or in turn commercial type robots such
as KUKA Youtbot are used [15, 16]; ii) modeling, the previously designed models
employ only the robot’s kinematics regardless of the advantages provided by the
dynamic model for controller stability and when the dynamic model is presented it has
as inputs torques or voltages as shown in [17], where as a contribution to the dynamic
model the dynamics of the engines were considered in this case the system inputs are
the armature voltages of each engine; iii) implementing control algorithms, Several of
the articles use nonlinear controllers based on linear algebra, numerical or unified-
based methods in the robot’s kinematics with dynamic compensation, e.g., [18], it
details the implementation of a kinematic controller with internal dynamic compen-
sation that reduces the speed tracking error.

One of the problems that exists in the field of robotics, is directly being able to
experience control algorithms in which the necessary hardware is not available because
of its high cost or its limitation for the number of tests, for which one of the alternatives
for industrial automation processes is hardware in the loop (HIL). This is a technique in
which a real time simulation environment is developed to test the behavior of its control
algorithms without physical prototypes [19, 20]. It is widely used in the automotive
industry to test vehicle dynamics and drivers [21], also used in aerospace and industrial
automation. Therefore, this work proposes the implementation of the hardware in the
loop technique in a virtual environment in real time, to evaluate control algorithms
based on the kinematic and dynamic model of an omnidirectional robotic platform in
four wheel configuration type mecanum, using as inputs speeds with what differs from
previous jobs [12, 14, 17], will also be validated through the implementation of the
control algorithm in a real omnidirectional robot.

The article is organized as follows: Sect. 2 presents the kinematic and dynamic
modeling of the four-wheel omnidirectional mecanum robot; the control scheme of the
HIL, control algorithm design and stability analysis are presented in Sect. 3; Experi-
mental results are presented and discussed in Sect. 4. Finally, the conclusions are given
in Sect. 5.
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2 Robot Omnidirectional

Among the fundamental parts in the design of controllers for robotic systems are based
on obtaining mathematical models that represent the characteristics and restrictions of
movement, from a cinematic and dynamic point of view; therefore, this section presents
the obtaining of the Kinematic Model and the Dynamic Model of the omnidirectional
robotic platform, in which two linear speeds and an angular speed are considered as
signs of maneuverability.

2.1 Kinematic Model

Obtaining this model involves analyzing the positions and speeds required to perform
autonomous tasks such as path tracking (Fig. 1).

<R >
e

Fig. 1. Reference frames for omnidirectional robotic platform movement.

The omnidirectional platform consists of two linear speeds: Front u; and sideways
u; found on the axes of the mobile reference system <Rg > ; in addition to an angular
velocity o that rotates around the axis Zg. Rotation matrices are defined RX,(0) that
rotates from the Robot frame of reference <Ry > to the inertial frame of reference
<Ry > and R (0) that rotates from the inertial frame to the Robot frame, the latter is
used to know the speeds of the mobile platform seen from the robot frame and rep-
resented by n performing the following process:

cos@  sinf O cosf —sinf 0 ur
RE () = | —sin® cos® 0| ;RJ(0)= |sinf cos® O ni)=|u| =REOE®r
0 0 1 0 0 1 ©
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Obtained as a result the kinematic model that describes the movement of the
omnidirectional robot with respect to the inertial reference system.

x = uy cos(0) — u; sin(0)
y = us sin(0) 4 u; cos(0) (2)
0=w
Where, & represents the derivative of the robot’s positions relative to the inertial
reference system <Ry > with § = [xy G]T and its variation over time & = [x yé)} T;
also, is defined W = [W; W, W3 W4]T as the vector of the angular speeds of each wheel
of the omnidirectional robotic platform that is obtained from:

W(1) = E(a,b)n(1) (3)

Considering that E is a constant transformation matrix that contains the parameters
detailed below (see Fig. 2).

1 1 (a + b)
E 1 1 -1 —(a+b)
r{1 1 —(a+b)
1 -1 (a+b)
, ,
~NE
i >
a ()
(o—— A
A 7
(D) : ~
g | =«
< H »

Fig. 2. Omnidirectional robotic platform parameters.

2.2 Dynamic Model

The dynamic model of the omnidirectional robotic platform is obtained from the Euler-
Lagrange formulation, with the balance between the kinetic energy and potential of (4)
to apply (5), where t; represents the generalized forces of the torques applied by the
motors on each wheel.
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L=Ec—Ep )

d (OL\ oL
“=(5) )
Ec = & Mg £+ WL W (6)

The sum of the robot’s kinetic energies is represented by (6) where Mg, =
diag{mg, mg, Iz} is made up of the total mass of the robotic platform, mg; the total
inertia of the robotic platform, Ig; and the matrix I, = idiag{lw, Iw,Iw,Iw} containing
the inertia of the wheels, I,. In addition, potential energy Ep of the system is equal to
zero, therefore developing (6) results (7) and when applying (5) is represented com-
pactly in (8):

%(mez - mgd? + [P + Ly W + Ly W2 + Ly W2 +1WW3) —E'y, (7)
R}, (0)[Ec]; +E [Ec],= Ex; (8)
[Ec]:= Mgo&, [Ec],=LW (9)

Then by replacing (9) in (8) results:
RE (0)Mg€ + E', W = E'r; (10)

In (10) the accelerations of the frame of reference <Ry > to the frame <Ry >

are defined by & = R} (0)f + RE (0)n; the accelerations of each wheel W = Eqj; the
matrices Mg, = 2Mpg; e I = 2I;. So, the dynamic model of the omnidirectional
robotics platform is represented as follows, where M represents the mass matrix and C
is the matrix of centrifugal forces:

Mn+Cn=E"y (11)

However, since the control scheme proposed considers as input speeds and not
torques, can define the behavior of the torque generated in each wheel,

6= (v~ kW), (12

pa

in which have the different parameters of the equations of the dynamic model of a DC
engine; v; as input voltages applied to each motor; k,, is the torque constant multiplied
by the reduction constant; R, is the electric resistance of the engine and k,, is the
product of the constant reduction and the constant electromotive. The supply voltages
Vy = Vuf, Vul, Vo, in turn can be described based on a PD controller (13), where Kp is the
matrix of proportional constants and Kp the matrix of derivative constants.
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Vy = Kp(nref - TI) - nKD (13)

Through (10), (11), (12), (13) the compact mathematical model is obtained based
on reference speeds and real speeds and accelerations:

Ufref ¢t 0 O ity Ca —wgs 0 us
Urep | =10 ¢ O |+ | g ¢ 0 u |, (14)
Oref 0 0 alle 0 0 S| w

N, (1) = M(c)n(?) + C(c,m)n(1), (15)

where ¢ € R/ with j =8 and ¢ = [gl Gy gj} " it is the vector of the dynamic
parameters of the system and the matrices that represent the inertia of the omnidirec-
tional robotic platform and the components of centripetal forces.

3 Control Schemes

The proposed control scheme for HIL simulation consists of two blocks, in the block
“Control System” is the base nonlinear mimo controller or two cascading subsystems:
a) Kinematic Controller, where position control errors are calculated at each mea-
surement time and are used to drive the mobile robot in a direction that decreases
errors; and b) Dynamic Compensation, the objetive is to compensate for the dynamics
of the omnidirectional robotic platform by reducing the speed tracking error. This
controller receives as inputs the desired speeds calculated by the kinematic controller
and to its output generates speed references that are sent through the communication
channel. While the “Mathematical Model” block is the representation of the omnidi-
rectional platform with its kinematic and dynamic mathematical model that returns the
positions and speeds of the omnidirectional robotic platform (Fig. 3).

/ Control System Mathematical Model \

o

I | I
I | I
I £
| Desied Sa——> . = n, - N,y n :
P 2 e Kinematic _| Wireless — @ -» Dynamic - X : R
I as &q = Controller | Conmrationlll « N Compensation Dynamic Kinematic 1
1 L) I Model |
I | I
I | I
! I

E
)

| 1
K HARDWARE IN THE LOOP /

Fig. 3. Proposed HIL control scheme.
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3.1 Designing the Control Algorithm

The developed control algorithm is intended to perform desired path tracking tasks.
A) Kinematic Controller the objective of the proposed cinematic controller is to
calculate the position error in each sampling period and use these values to move the
omnidirectional robotic platform in the direction to reduce control errors. This kine-
matic controller is based on the kinematic model (2) and is represented as follows:

. =J71<§d—|—Gtanh(é)> (16)

where, 1, represents the speeds of the kinematic controller; J~! is the Jacobian matrix

. . 1T
of the robotic platform; &, = [)'cd 2 Hd] is the derivative of the desired trajectory; G

is the gain matrix to compensate for control errors; and tanh (E) is the function of

saturation of position errors contained in the matrix g = E;,—¢&.
In order to determine the stability of the controller, Lyapunov’s candidate function

of quadratic errors is determined V(&) = E%T(I)E(t); and applying the time derivative,

is obtain.
V(&) =& (& (17)

It is also defined (16) compactly considering speed errors &(r) = &,(z) — &(¢) to get
(18) and replace in (17)

E(1) = —Gtanh(&(z)) (18)

v(©)

Therefore, in order to ensure the stability of the proposed control law, it must be

—ET(t)Gtanh(é(t)) (19)

enforced that G > 0, ensuring that &(r) — 0 when ¢ — oo.

B) Dynamic Compensation, the objective of this block is to compensate for the
dynamics of the omnidirectional robotic platform by reducing the speed tracking error.
The desired speeds are input 1, and the output of this subsystem are reference speeds
n,.s to be sent to the robotic platform that in this case is located in the Unity 3D

graphics engine.
My = M (i, + Ktanh() ) +Cn (20)
Considering that 1, represents those derived from the desired speeds; K is the gain

matrix to compensate for control errors; and 1 is the vector of robotic platform speed
errors.
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Similarly, for the stability analysis of the compensator, the candidate Lyapunov
function of quadratic errors (in this case speeds) is determined.

V(i) = i (0R() (21)

V(@) =a' () (22)

Working with the compact form (20) where acceleration errors are considered
n =1, — 1N, and by following the same procedure as in the previous case has:

1 = —K tanh(R}) (23)
V(@) = -’ (K tanh(#) (24)
Consolidating the stability of the proposed control law, when K > 0, ensuring that
N(¢) — 0 when t — oc.
4 Experimental Results and Discussion
This section presents the results of implementing the technique Hardware in the Loop,

for which the construction of the omnidirectional robotic platform was carried out in
order to evaluate the operation of the proposed controller, (see Fig. 4).

Fig. 4. Omnidirectional robotics platform built.
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4.1 Omnidirectional Robot Construction

This sub-section describes the construction of an omnidirectional mobile robot in
which the hardware is divided into four modules, (see Fig. 5).

i
COMUNICATION +33V

XBEE MODULE

ENERGY il CONTROL
SYSTEM ! SYSTEM
+74V

ARDUINO | P1D k
MEGA I rpp
:

ZIE2E3E4

$152 5384 M1

7 M2
4 MOTOR DRIVER
)
—— H MODULE M3 DCMOTOR

wHEmOoQZAm

ACTUATORS

Fig. 5. Omnidirectional Robot Hardware Block Diagram.

Power System: Consists of a LIPO battery (0.85A and 7.4v) that provides power to the
entire system, directly connecting its rated voltage to the control module and actuator
module; ii) Control system: This is composed of an Arduino Mega, which receives and
transmits the signal of the kinematic control performed; in addition to compensate
separately the dynamics of the mobile robot is implemented internal loop controllers
(PIDs), compensating for the errors resulting from the subtraction between the desired
speed and measured by each encoder located in the motors of the mecanum wheels.

Actuators: Consists of DC motors, with integrated speed sensors and controllers (H-
bridge) on each motor that support a constant current of 2 A per channel.

Communication: Manages communication between the robot and the computer. When
considering the transmission speed and distance of use of the mobile robot it was based
on the IEEE 802.15.4 standard of Zigbee wireless networks.

4.2 Identification and Validation

The following expression is taken into account for the identification of dynamic model
parameters:

Q('I)Q(t) = rlref(t) (25)
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By solving the operations of the matrices (20) and grouping the dynamic param-
eters, the linear parameterization in (26) required for implementation in the identifi-
cation scheme (see Fig. 7).

_gl -
. )
u 0 0 wu owu O 0 O Ufref
0 I;tl 0 O 0 wur U 0 3| = Ul ref (26)
00 &0 0 0 0 wl|l- Dpef
[ S8
Omnidirectional robot
Inputs Outputs

Identification
. —
algorithm

[ Mathematical model }

Fig. 7. Diagram for the identification of parameters of the Omnidirectional Robotic Platform.

Therefore, the identification of the parameters of the dynamic model of the robotic
system was considered as excitation signals a series of steps of each speed to be
fulfilled by the omnidirectional robotic platform n,,;.

[m/s]

[m/s]

[rad/s]

-04 = | | | | I | | | L 1 1 “p
Time [s] 5 10 15 20 25 30 35 40 45 50 55

Fig. 8. Validation of dynamic parameters.
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To Fig. 8 shows the results obtained from the process of identification and vali-
dation of the calculated dynamic model, where u- represents the desired reference front
speed; uy, represents the front speed calculated by the model and uy, represents the real
front speed obtained from the sensors of the robotic platform built, in the same way it is
considered for lateral and angular speed. This data implements the least squares
algorithm built into the schema (see Fig. 7) and the obtained parameters are as follows:

g1 = 0.3800, ¢, = 0.3800, ¢3 = 0.1388, ¢4 = 1.0744, ¢c5 = — 1.2639, ¢4 = 1.2639,
g7 = 0.8749, ¢g = 1.2130

4.3 Implementation of HIL

In the Fig. 9 shows the implementation of the HIL technique in a 3D virtual envi-
ronment, in order to evaluate the performance of the control laws proposed for the
omnidirectional robotic platform. The control laws are implemented in a Raspberry Pi 4
card for the autonomous trajectory tracking to be fulfilled by the robot; on the other
hand, the kinematic and dynamic models are included in the Unity3D graphic engine to
define the behavior of the robotic platform. All this is connected by means of wireless
technology that allows to close the control loop.

S N U UL T U T e
AN FaN 7A a

Fig. 9. Virtualized environment of the omnidirectional robotics platform.

For experimental testing, a circular trajectory was selected for compliance with both
the robotic platform built, as well as the HIL scheme.
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Fig. 10. Autonomous path tracking control errors.

In the Fig. 10 is considered a sampling period of 100 ms, which allows to calculate
the position error at each moment and uses these values to choose the direction where
these errors are reduced: xe with respect to the X axis; ye with respect to the Y axis; Oe
with respect to the axis of the reference system <Ry > . In the same way that in
control algorithms already implemented the errors tend to zero, however in this case
when considering the dynamics of the robotic platform in the HIL technique it is
observed that these are not fixed at zero, because it considers in a complete way the
parameters that are going to interact with the robotic platform in a real operation.

5 Conclusions

The research carried out in different scientific databases determines that the construc-
tion of the omnidirectional robot with mecanum type wheels is more convenient to be
carried out in AB configuration and the arrangement of the wheels should be rectan-
gular. In addition, obtaining the kinematic model along with the dynamic model are
used to improve the stability of the system which in turn provides greater accuracy of
the behavior of the mathematical model with respect to the physical system, which
allows to implement and evaluate advanced control algorithms considering as input
signals the speeds of the robot, prior to the stability analysis of the proposed control
scheme and validation of the dynamic model with the help of an identification algo-
rithm in conjunction with the built robotic platform. This robot allows to implement
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control algorithms and at the same time to validate the HIL technique of the proposed
scheme in the fulfillment of trajectories in an autonomous way. For which it is con-
cluded that the technique HIL is a viable option to implement algorithms of control
in situations in which it is not available the real plant, since it is possible to reproduce
the behavior of the system of reliable form, which helps to the moment to evaluate
these algorithms.
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