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Abstract

Manipulator robots are the most representative robots in the industrial, medical, service and security sectors; together with mobile robots,
they constitute mixed robots that facilitate various tasks in these fields. The points of interest of these robots are kinematic modeling,
control, planning, and simulation, hence the importance of their study. The present study aims to obtain the mathematical model for
controlling an omnidirectional mobile manipulator robot and its implementation in simulation software. The agile methodology is used
for the development of the control algorithms. In order to validate the obtained model. First, the basic behavioral tests are performed,
then its movement is simulated by following predefined trajectories representing its behavior. In the simulation of movement in
displacements, the mobile manipulator robot finds the position in the order z, y, x with the inverse kinematic model Newton method in a
few iterations; on the other hand, with the inverse kinematic model Gradient method, it finds the position in the same order, but with
more iterations than the other method; it is also shown the errors of the operating end before reaching the initial position, with results
similar to those of the displacement. The results of this research open the possibility of performing different simulations, which allow
evaluating the robot's initial conditions and selecting the best ones to optimize resources.
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1. Introduction
The new industrial revolution combines advanced

which robots are used are military procedures, civilian
agriculture, mining, medicine, and education. In this way,

production and operations techniques with intelligent
technologies, demanding greater interest in studying
robotics, analytics, artificial intelligence, nanotechnology
and loT. Organizations are looking for technology that fits
their needs, with lower costs and generating higher
production.

The use of robots in the industry has increased
significantly, and now, repetitive, difficult or dangerous
tasks are carried out by robotics [1]. Other sectors in
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robots are used in the automated exploration of hostile
terrain, cargo transportation for logistics and distribution
of materials, and others for mobilizing people with
physical movement difficulties [2].

Manipulator robots are used for handling objects,
and their tool design allows them to manipulate objects as
small as a thread to as large as a heavy box. In addition, a
control system provides these types of robots' intelligence
[3].

The points of interest of omnidirectional mobile
manipulator robots are kinematic modeling, control,
planning, and simulation [4]. Therefore, it is necessary to
work with robots so that they are autonomous and accurate
systems or at least their error is as close to zero. Taking
this into account, the importance of developing
mathematical models for omnidirectional mobile
manipulator robots that meet the requirements of accuracy,
autonomy and stability is verified.

The following works are currently presented
around the modeling of mobile manipulator robots.

Bilateral Tele-Operation of Mobile Manipulators is
a work developed by the authors [4] that presents a stable
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control structure; the image and robot-medium interaction
forces are fed back to the operator in order to improve the
performance in performing small tasks that require both
locomotion and manipulation capabilities, through a
wireless LAN network. The system comprises two
subsystems a kinematic controller for motion control of
the mobile manipulator and a dynamics compensator to
minimize velocity tracking errors; through redundancy
control of the mobile manipulator, obstacle avoidance and
control of the robotic arm configuration is achieved.

Coordinated Control of an Omnidirectional Double
Mobile Manipulator, a proprietary paper by [2], proposes a
coordinated, cooperative control algorithm for tracking
trajectories applied on two anthropomorphic robotic arms
mounted on an omnidirectional platform for the transport
of a common object. They use kinematic modeling of the
whole coupled system, considering as the position of
interest the midpoint of the operating ends of each
manipulator and their training characteristics, defining
reference velocities for the omnidirectional platform and
the robotic arms. Stability and robustness are tested using
Lyapunov's method, obtaining that the control is
asymptotically stable. The experiments were performed
through a virtual reality framework confirming the
controller's scope to solve different motion problems
through a strong selection of control references.

Trajectory control of a mobile manipulator in the
presence of base disturbance of [6] presents a
manipulator's arm mounted on the base of a mobile robot,
with an additional controller whose task is to deal with
disturbances of the mobile robot due to dynamic iterations
between the base and the arm. Dynamic models are
developed for the manipulator's arm and the base, which is
the omnidirectional mobile robot using Bond Graph
methodology and control strategies for tip trajectory
tracking. They use the Bond Graph methodology to
develop the dynamic model and control the mobile
manipulator.

The authors of the article in [7] describe a mobile,
two-handed manipulator with right-handed manipulation
capability called MADAR (Mobile Anthropomorphic
Dual-Arm Robot) dividing the system into two parts, a
circular mobile base with three wheels of novel design that
allow omnidirectional mobility and an upper structure
carrying two arms in anthropomorphic configuration with
right-handed mechanical hands equipped with tactile
sensors. The MADAR robot is intended to be an open
experimentation platform for testing new planning
algorithms for mobile manipulation, as well as the
combination with dexterous manipulation algorithms for
sensorized hands.

The contribution of the present work is to obtain
the mathematical model of a mobile manipulator robot
with 4 degrees of freedom and use the algorithms'

simulation to validate the motion control, called the
system RMMO.

2. Structure of the problem

Modeling and control are topics of research and
interest in mobile and manipulator robots, as they are the
foundation of robot design. Although robots may be
physically the same, each design's mathematical model
that represents it varies. Furthermore, the various
kinematic and dynamic characteristics of the mathematical
model provide different utilities in terms of the properties
and behavior that are needed from the robot and are
requirements of the user [9].

One of the main problems in the construction of
robots is to obtain a geometric model of its structure that
allows relating the generalized variables with the
Cartesian coordinates of every one of the points that
constitute it; this case is known as a direct kinematic
problem. Another case arises when the input values are the
positions and what must be found are the values of the
generalized variables, a problem that arises when
positioning a robotic arm or a humanoid leg, which is
called an inverse kinematic problem, solved analytically
and with infinite solutions. A Jacobian matrix is a relative
approach that contributes to solving these problems.
However, the kinematic model is not feasible when it is
required to manipulate moving objects, for which dynamic
models are used with methods such as Lagrange-Euler,
Newton-Euler, and generalized d'Alambert equations,
among others [8].

3. Mathematical model

This section describes the obtaining of the
mathematical and control model of the system. These are
conceived by obtaining the models of the robotic arm and
the platform, combining them in the omnidirectional
mobile manipulator, and subsequently defining the control
algorithms.

The study of the kinematic model is a prerequisite
for dynamic modeling and other important characteristics
of robots, such as stability and control. By performing a
correct geometrical structure, kinematic equations that
best approximate the real system can be obtained, which is
why new and specialized structures are continuously
developing [3].

For the above reasons, it is decided to obtain the
kinematic modeling of the robot for the control of the
omnidirectional mobile manipulator robot and its
implementation in simulation software.

3.1. Direct kinematic model of the omnidirectional
mobile robot (platform)

Figure 1 shows the four-wheeled omnidirectional
mobile robot, {7} which represents the global coordinate

system, with A(t) = [, h,  hy] as the position in
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{9} and the angle of rotation f-'iqg,for the point of interest
O (geometric center of the wheels). Where (x,, ¥, ) is the
position of the point & y 1 the vehicle's orientation

related to { M }.
The geometric representation of the
omnidirectional robot allows determining the position and

orientation of the point of interest (control point) h(t).

The model allows locating the point of interest h(t] in
any position on the robotic system,

h, =x +1cos(y) — msin(y)
h, =y + Isin(i) + meos(y) 1)

hy =y

The kinematic model of the omnidirectional robot
(2) can be obtained by deriving (1) for time, therefore,

'I.I’_:;' C?,b _5¢ _£5¢| — mC,‘b u.:
hyl=15, €, ICy—mS, [|tm| @
-flq-{, 0 0 1

b

where,C, =cos(y) .S, =sin(y) .

Figure 1. Mobile robot with omnidirectional drive.
Source: Mendoza, Maria.

The omnidirectional mobile robot is characterized
by being holonomic, as it has no restrictions on
movement.

The basic equations of motion of the mobile robot

help to represent thelU, andU, that are the linear
velocities of front and side of the mobile; and with them to
find the @ that is the angular velocity of the mobile robot;
beinga, b, and R the physical parameters of the robot
where R is the radius of the omnidirectional wheels, @ is
the distance of the wheel with respect to the center of the
robot on the axis L and b is the distance of the wheel with

respect to the center of the robot on the axis M . | andm
are the position distances with respect to the center of the

platform where the manipulator robot will be located with
respect to the axis L and M , respectively.

Now, the matrix (3) relating the maneuverability
velocities to the angular velocities of each wheel is
represented as follows:

W, 1 —1 —(a+b)

“ﬂ‘;l 1 (a+Db) [:T] ®)
wil r|1 1 —(a+b) C::"

(g 1 —1 (a+b)

The kinematic model of the platform found allows
the robotic arm to be located in any platform quadrant to
arrange the space according to the designer's preferences
and maneuverability; however, in this work, the
manipulator will be located in the upper center of the
platform.

3.2. Modeling of the robotic manipulator arm

In order to adequately simulate the movement of
the robot, it is proposed that the task to be performed by
the robot will be the manipulation of small objects
(beakers, test tubes, among other objects belonging to a
laboratory). For this purpose, an anthropomorphic arm
with 4 degrees of freedom will be used.

3.2.1. Direct Kinematic Model
Figure 3 shows the configuration of the robotic

manipulator to be modeled, with hb (t) as the position of

the point of interest (operating end), where{iRB}
represents the local coordinate reference system for the

robotic arm, with (h,,, h,,, h,, ) being coordinates of the

by *

pointh, (t) with respect to {R } .

Figure 2. Anthropomorphic Robotic Arm 4 g.d.l.
Source: Mendoza, Maria.

The geometrical representation of the robotic arm 4
g.d.l. allows determining the position of the end-effector
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e’rb [t) through the direct kinematics of the robot, whose
matrix representation is (4):

hy, = 1,5,C, + 135,5,C, + 1,5,3.C,
hyy = 135,85 + 135535 + 145,35, 4)
by, =1 + 1,0, + 13055 + 1,050y

where, ~ C,=cos(a),  C,,=cos(a+pf),

S, :Sin(a), Sup :Sin(a+ﬂ); I, 1,, Iy, andl,
represent the lengths of each rigid link of the robotic arm;

and 0,, 0,, 0,, 0, are the rotation angles for each

degree of freedom of the manipulator robot. Therefore, the
kinematic model of the robotic arm is defined in matrix
form as (5):

(I3C1C23 +1,C.Cpy ) d; + (|4C1C234 d,

hbx = _(Izslcz +1,5,Cp +1,5,Cyyy )ql + (|2C1C2 +1,C,Cp +1,C,Cpsy )qz o
(

I;]by = (|2C1C2 + |3C1C23 + |4C1C234)q1 + |251C2 + |381C23 + |451C234 )qZ +o

(ISSchS + IASICZSA )q3 + (|481C234)q4
hbz = '(Izsz + Issza + IASzu)qz _(Iasza + |48234)q3 - |45234q4
()
The robot manipulator is redundant since the
number of degrees of mobility is greater than the number
of variables necessary to describe a specific task.

3.2.2.  Inverse Kinematic Model of the Manipulator
To solve the inverse kinematic problem, the values
of the joint variables are set to achieve a desired position
and movement. It was mentioned in the previous topic that
the manipulator is redundant, so N> M, beingn the
number of degrees of mobility andm the number of
variables; in this case, it is better to use a numerical
solution iteratively. The study will consider the solutions
with Newton's and Gradient methods.
A) Inverse Kinematic Model, Newton's Method
Newton's method is also known as the tangent
method. For a differentiable function f(X), find a
of f(x*) =0,
RGO
(%)
{X1,x2,X3,x4,%5.,.} > x*.

Newton's method is used when a closed solution q

root X * iterating

as X, = X, approximate  sequence

is needed forry = f, (q) i.e., it does not exist or is too

difficult to find, for which the Jacobian matrix

is used. Equations (6) and (7) describe

of, (a)
J =——
the method to use

= fo(a)="f (a")+3,(a")(a-a*) +o(fa-a]) ©

=g +3, (") - . (a) | @

Convergence forq0 (initial guess), close enough to
someq*: f, (q *) =TI, problems near the singularity of

the Jacobian matrix J ().
In the case of a manipulator robot with
redundancym<n, a pseudoinversle(q) is used and

has a quadratic convergence rate when it is close to a
solution.
B) Inverse Kinematic Model, Gradient Method

The Gradient method is used to obtain the
minimum of a function, considering the error it can be
used to obtain the inverse kinematics.

Minimizes the error of function (8) and (9).

H(@) =] - £ @I =56 - @) ¢ - £,@) ©

q“ =g —av, H(q") 9)
from
OH of.
v, H(q) = (?g‘f = ~((rs —ﬁ.(qJJf(;;—](]‘?
= —J7 (@) (rs— f(a) (10)

is obtained

qt =" +ad] (q)(r, - f,(q)) (11)

The scalar step size must be chosen to ensure a
decrease of the error function at each iteration too large.
The values can lead the method to miss the minimum. On
the other hand, when the size is too small, the convergence
is extremely slow.

The Gradient method is computationally simpler
and uses the transposed Jacobian matrix rather than its
pseudoinverse. As a result, it may not converge to a
solution, but it never diverges. The discrete-time evolution
of the continuous scheme is represented in (12).

' =" + ATI (a*)(r, - .(4")) . = AT (12)

3.3.3. RMMO Modeling

The nomenclatures developed in the independent
models of the robotic arm (manipulator) and the mobile
robot (platform) are used to obtain the mathematical
model of the mobile manipulator robot. Figure 3 presents
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the omnidirectional mobile manipulator robot, where h is

the position of the operating end for {W}

Figure 3. RMMO omnidirectional mobile manipulator.
Author: Mendoza, Maria.

The  geometrical  representation  of  the
omnidirectional mobile manipulator robot consists of a 4
g.d.l. The robotic arm (Figure 2) on an omnidirectional
platform (Figure 3) allows to determine the position of the

end effectorh(t) (Figure 4) through its direct
kinematics:
h, =X+ ICW —-mS,, + I282C1W + I3823C1W + I48234C1W
hy =y+ ISW +mC, + |25251,,, + I382381W + |4323431,,,
h,=h+I,+1,C, +1,C,, +1,C,,,
(13)
Where  C, =cos(a),C,, =cos(a+f),
S, =sin(a), S,; =sin(a+); land m represents
the position of the robotic arm with respect to the
reference frame {R} ; Xand Y denotes the position of the
moving platform with respect to the inertial reference
frame {W} ;and h is the height of the omnidirectional
robot. While I, 1,, and |3 I, represent the lengths of
each rigid link of the robotic arm. Therefore, the kinematic
model of the omnidirectional robot is defined as system
(14):
h, =C,u -S,u, (IS, +mC, )o-..
(1,S,,C, +1;S,,
(1,C,,C, +1:C,, Cos +1,C,, Cizy ) Gy + ..
(1,Cy, Cas +1,Cy, Cosa ) 85 +(1,C,, Cos ) 4
h, = 8,4 +C,u, +(IC,—mS, )o+..

C23 + I4SIWC234)q1 +..

(1,C,,C, +1,C,, Cp +1,C,, Cosy ) Gy + .
(1,8,,C, +1,8,,Cps +1,8,,Cpay ) Gy + ..
(I3Sh//c23 + I4Sly/c234 ) q3 + (I4SIWCZ34 ) q4

hz = '(|282 + I3823 + |48234)qz _(Issza + |48234)q3 - |48234C|4
(14)

For the inverse kinematic modeling, the same
criteria mentioned above are applied, now with the
Jacobian matrix of the whole system.

4. Simulation algorithms

The process to implement the model obtained is
described through the four phases of the agile
methodology.

Matlab will be used for the development of the
control algorithms. Matlab is a high-performance language
that integrates calculation, visualization and programming
in a user-friendly environment where problems and
solutions are expressed in mathematical notation [10].

4.1. Software requirements analysis

The following conditions are necessary for the
development of the kinematic modeling software of the
system:

The robot has a rigid physical structure, i.e., no
flexible parts.

The movement space is free of obstacles.

The path along which the mobile robot will move is
free of friction and irregularities, completely smooth and
level.

Control algorithms are implemented to solve two
motion problems: positioning and trajectory tracking.

These are based on the models found, for each of
which parameters such as initial positions and orientation
and physical values of the robot must be established
according to the characteristics desired by the robot
designer.

4.2. Design and Implementation
The system's conception is presented through block
diagrams of the controls implemented according to the
models found.

4.2.1. Direct kinematic control

SR

r e
o ang

J

Tarea
deseada

F—> ¢ —_—

N
h()

Figure 3. Block diagram of the Direct Kinematic Model.
Source: Mendoza, Maria.

Figure 4 shows four blocks corresponding to the
direct kinematic model:

Desired task is the block where you find the
specifications such as the path that you want the robot to
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perform, for example a circular path or a line that leads to
a point somewhere.

Controller is the block containing the control
errors; the controller by means of the Jacobian matrix, the
weight or gain matrix, the desired task speeds and the
control law.

Model that refers to the type of robot (manipulator,
mobile, mobile manipulator) and the characteristics that
differentiate it from the rest.

Direct kinematic model whose matrix is the one
found with the analysis developed in previous sections.

4.2.2. Inverse kinematic control

[
L

t
.

G 4, L([)* }X/ h(t) )

qt)

Figure 4. Block diagram of the Inverse Kinematic Model.
Source: Mendoza, Maria

The blocks representing the inverse kinematic
model can be seen in Figure 5 and are described below:

The desired task is the block where you find the
specifications, such as the path you want the robot to
perform, for example, a circular path or a line that leads to
a point somewhere.

Inverse kinematics whose matrix is conceived by
the final positions of the robot.

Controller is the block containing the control
errors; the Newton or Gradient algorithm that will be
taken as the method of solving the inverse kinematic
problem.

Model that refers to the type of robot (manipulator,
mobile, mobile manipulator) and the characteristics that
differentiate it from the rest.

4.3. Verification and Maintenance

Once the control algorithms have been built, they
are executed using the trial and error method, i.e.,
executed, and the errors are corrected; the most frequent
errors are syntax and infinite loops.

5. Results

The simulation results evaluate the system
performance, and basic motion simulation tests are
performed using the inverse kinematic model and tests for
tracking predefined trajectories using the direct kinematic
model.

5.1. Basic Motion Simulation Tests
The basic motion simulation tests evaluate the
motion of the omnidirectional mobile manipulator with the

inverse kinematic model of Newton's method and the
Gradient method, respectively.

Figure 5. Position of the RMMO
Source: Mendoza, Maria

Figure 6 shows where the RMMO is located, and
the red dot is the desired position to be reached.

5.1.1. Basic test of the inverse kinematic model
Newton's method

The motion control by inverse kinematic modeling
with Newton's method allows to bring the RMMO to reach
the given desired position; in Figure 7 the realized motion
can be observed.

# Posicion Deseada h

Y [m]

Figure 6. Inverse kinematic motion of the RMMO.
Newton's method
Source: Mendoza, Maria

The RMMO reaches the positionz with 2
iterations, then X in 4.4 iterations and finally y with 4.6

iterations performed (displacements) before reaching the
desired position, as shown in Figure 8.
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Figure 7. Displacements realized kinematic inverse
motion of the RMMO. Newton's method
Source: Mendoza, Maria

Figure 9 shows the errors of the RMMO operating
end before reaching the desired position. First, it reaches
the positionz with 2 iterations, secondly Yy with 4.6

iterations and finally X in 4.9 iterations performed.

Figure 8. Inverse kinematic motion of the RMMO.
Newton's method. Operating end error

Source: Mendoza, Maria

5.1.2. Basic test of the inverse kinematic model
Gradient method

The motion performed by the RMMO using inverse
kinematic modeling with the Gradient method can be seen
in Figure 10.

@ Posicion Deseadah,

Figure 9. Inverse kinematic motion of the RMMO.
Gradient Method
Source: Mendoza, Maria

Figure 11 shows the displacements of the
movement performed by the RMMO, reaching first the
position X with 7 iterations, theny in 9 iterations and
finally z with 13 iterations performed before reaching the
desired position.

Desplazamiento en el Eje X
T

Figure 10. Displacements made by kinematic inverse
motion of the RMMO. Gradient Method
Source: Mendoza, Maria

The operating end of the RMMO before reaching
the desired position, first reaches the position z with 2
iterations, secondly X with 9 iterations and finally y in 11

iterations performed, as shown in Figure 12.

— E 11O X
Error hy
—edd]

1 L I 1 1
1 2 3 4 5 6 7 8
Interacciones

Figure 11. Inverse kinematic motion of the RMMO.
Gradient method. Operating end error
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Source: Mendoza, Maria

Table 1 shows a comparative summary of the
results obtained from the basic motion test using the
inverse kinematic model with Newton's method versus the
model with the Gradient method. The inverse kinematic
model with Newton's method obtained fewer iterations to
reach the desired point.

Table 1: Comparison of inverse kinematic model Newton's
method vs Gradient method

Inverse Kinematic Modeling Control

Error Method
(Displacemen Newton Gradient
t) RMM  Operatin  RMM  Operatin
@] g End o] g End
X 4.4 4.9
Y 4.6 4.6
VA

Source: Mendoza, Maria

5.2. Predefined trajectory tracking tests

The predefined trajectory tracking simulation tests
evaluate the RMMO motion using the direct kinematic
model.

i < .0

X [m] *

Figure 12. Initial position and trajectory of the RMMO
Source: Mendoza, Maria

Figure 13 shows the initial position of the RMMO
and the trajectory to be followed.

\ e i
X [m] 75 2
Y [m]
Figure 13. RMMO motion using the direct kinematic
model.
Source: Mendoza, Maria

The RMMO using the direct kinematic model,
tracks the given trajectory not completely as from its
initial location it searches for the trajectory and follows it,
as shown in Figure 14.

Desplazamiento en el Eje X

e Vo rosl ix = = Valor deseado hx,

rac)

Figure 14. RMMO motion using the direct kinematic
model. Displacements
Source: Mendoza, Maria

The RMMO reaches the position X in 3 sec, y in 6 sec

and finally z in 6.4 sec, from its initial position to reach
the trajectory to follow, as shown in Figure 15.

§ Errores dal Control del Extremo Operativo
| Je——7p—r
| s .

2

\
b\
v
o —
; s
o n ©
Tiempo [s]

Figure 15. Direct Kinematic Motion of the RMMO.
Operating end error.
Source: Mendoza, Maria

Figure 16 shows how the operating end of the
RMMO, before reaching the desired position, first reaches
the position Z in 6 seconds, secondly X in 8 seconds and
finally y in 10 seconds.

6. Conclusions

The system is conceived with a mobile robot as a
platform, and on this, a 4 g.d.l. manipulator robot that can
be located at any control point, having the manipulator in
the upper center as the control point. For the control of the
direct kinematic model, inverse kinematic with Newton's
method and inverse kinematic with the Gradient method
are implemented.
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In the evaluation tests of the control algorithms, it robotizadas. Industrial Data, 12(1), 032.
is evident that the singularity of the RMMO must be taken https://doi.org/10.15381/idata.v12i1.6082
into account, especially in positions with = angles, so if it
is in singularity positions, an infinite loop of motion is
performed.

When the manipulator tries to reach a point far
away from the end effector, it makes abrupt movements in
order to achieve the given task.

Newton's method to solve the inverse kinematics
problem presents undesired configurations tending to
infinity. However, it converges faster under optimal
conditions than the inverse kinematic model with the
Gradient method.

When using the Gradient method to solve the
inverse kinematics problem, there is no need to worry
about singularity points. However, this method takes a
long time to converge.
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