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ABSTRACT

The main purpose of this study is to plan and execute effective trajectory on the Delta robot through graphical

user interface (GUI) and appropriate electronic circuits, and optimize the integration with the mechanical prototype

designed and implemented by the robot laboratory of Nueva Granada Military University, while considering and

respecting its different characteristics, such as mechanical structure, workspace, kinematics, dynamics and motion

singularity allow the correct development and implementation of algorithms that can effectively describe and control

the planned trajectory.
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1. Introduction

From its early model to the most influential model at present,
people have produced various explanations for its being an industrial
robot. Therefore, the following are the two most important explana-
tions!!,

Robot Industries Association (RIA): The reprogrammable multi-
functional manipulator can move materials, parts, tools or special de-
vices according to different tracks, and program to perform different
tasks.

International Organization for Standardization (ISO): Three axis or
more manipulators with automatic control, programmable, multiplica-
tion, mobile or non-mobile functions are used in industrial automation
applications. It includes manipulator (mechanical system and actuator)
and control system (software and hardware of control and power sup-
ply).

Different industrial robots can be divided into the following!?..

1. Temporary, i.e. according to your production date.

2. Because of your intelligence level.

3. Because of its function.

4. For the control types, we classify the robots according to the
French Association of Industrial Robots (FAIR), and divide them into
four categories according to the control types used.

Type A or remote control: With manual control or remote control.

Type B or sequence: Automatic, i.e. with pre-adjusted cycle, ad-
justed by stroke or buffer, controlled by PLC and driven by pneumatic,
electric or hydraulic pressure.

Type C or controllable track: This is a programmable continuous
path or point-to-point, but lacks knowledge of its environment.
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Type D or adaptive: It can retrieve data from the
environment and readjust tasks based on the data.

5. Through its geometry or structure.

Industrial robots.

Mobile industrial robots.

Delta robot (Figure 1) is a parallel robot, which
is composed of three closed PR (Ps) configuration
motion chains, where (Ps) represents a four-bar
spatial parallelogram with four spherical joints, and
where PR represents that each motion chain is
composed of passive prismatic joints and active
rotating joints, connecting the fixed base to the mo-
bile basel®l.

Figure 1. R. Carnation Delta robot. (U.S. Patent No.
4976582).

Some of the main advantages and disavantages

I Rigid building<” Complex kinematics<

ratioc Reduce workspace<’

’V Higher load/weight “

Undeveloped
Technology<*

High speed and
acceleration<’

of Delta robots and many other parallel platforms are
as follows.

Like most industrial robots designed, built and
implemented at present, the main goal of Delta robot
is to improve the productivity and quality of human
work in various complex and/or dangerous tasks. In
these tasks, the robot can better perform these tasks,
which require the coordinated and accurate move-
ment of the robot. Therefore, it is very important to
understand the kinematic and dynamic characteris-
tics of robots, so as to understand and analyze their
projection motion ability in planning and generating
the trajectory of any activity.

With the continuous development of robot
technology in industry, it is more and more neces-
sary to have a deeper understanding of various ro-
bots and their applications. These robots account for
a large proportion in today’s world industry, in-
cluding parallel robots.

Therefore, the main purpose of this paper is to
enable it to simulate and execute the trajectory in
Cartesian space and joint space through the graph-
ical user interface and real-time interaction with the
mechanical prototype, and focus on the trajectory
planning and execution on the Delta robot mechan-
ical prototype designed and implemented at the
Nueva Granada Military University (Figure 2),
which is similar to the actual tasks implemented by
the current industry.

Figure 2. Prototype of robot Delta, robot la-
boratory UMNG

oim—m

e

1. Fixed base

2. Link 1

3. Link 2

4. Mobile base

5. Supporting structure
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2. Robot Delta
2.1.Working space

The workspace is defined by a set of points,
which can reach around the robot according to the
structure of the robot, the size of the connecting rod
and wrist joint. The workspace shape of each robot is
unique because it depends on its design!’.

Workspaces can be subdivided into two cate-
gories, as shown below!!'!,

Achievable workspace: It consists of a set of
points that the manipulator can reach.

Right workspace: It consists of a set of points
that the manipulator can reach in any direction of its
end effector.

In order to make proper trajectory planning in
Delta robot and any other industrial robot, we
must be able to know the workspace where the robot
will perform its various tasks, from simple motion to
coordinated motion with other robots in some in-
dustrial processes.

The workspace of Delta robot (Table 1) is used
to design different trajectories, and its main charac-
teristics are as follows!*,

Table 1. Maximum and minimum range of mobile

platform
Coordinate Minimum Maximum
range range
X -3428015 mm 3424004 mm
Y -2969611 mm 2969611 mm
z 1057695 mm 6770132 mm

2.2 Inverse kinematics

The main purpose of inverse kinematics is to
find the angle of the joint by understanding the con-
figuration (position and direction) of the robot end
effector). This analysis is of great significance to
trajectory planning and execution, because it
is based on the nonlinearity of the equation by
finding multiple solutions. Therefore, the process of
finding the inverse kinematics depends on the con-
figuration of the robot, and can be solved geomet-
rically on series and parallel robots.

Using the symmetry of Delta robot, the inverse
kinematics of each kinematic chain is analyzed re-
spectively, and the mathematical model describing
each joint is obtained™!.
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2.3.Direct kinematics

The main purpose of direct kinematics is to find
the configuration (position and direction) where the
manipulator end effector is located, because the joint
variables have been defined in this analysis®).

The direct kinematics analysis of Delta robot
starts with a set of nonlinear equations, which con-
nects the position of the mobile platform with the
angle of its connecting rod to generate a mathemat-
ical model describing each Cartesian coordinatel®.

3. Planning Trajectory

3.1.Cartesian space

The motion description in Cartesian space
considers the path generation method, in which the
shape of the path is specified according to the func-
tion of calculating the Cartesian position and direc-
tion. As a time function (Figure 3), it is usually
preferable in motion planning. In motion planning,
the environment does not include obstacles, and

there is no greater correlation between robot dy-
6,71

namics!

Figure 3. Position, velocity and acceleration in
Cartesian spacel®!.

The trajectory planning in Cartesian space
will be realized mainly through the Jacobian matrix
or Jacobian matrix of the manipulator that realizes
these trajectories. The matrix is a geometric repre-
sentation of the elements constituting a time function
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mechanism that allows the differential motion or
velocity of a single joint to be converted into the
differential motion or velocity of the point of interest,
such as the end effector!.

Jacobiano or Jacobiana matrix is one of the
most important tools to describe the characteristics
of manipulator, because it is very useful for prob-
lems like the following!'%.

Find the singularity.

Redundancy analysis.

Determine the inverse kinematics algorithm.

Describe the mapping between the force ap-
plied to the end effector and the torque generated in
the joint.

The Jacobian matrix relates the velocity of the
joint to the velocity of the Cartesian reference sys-
tem )

v=1Jq (1)

Therefore, the Jacobian matrix or Jacobian

matrix of Delta robot is as follows!*!.

oF oF
== J,=— (2
X ’ 00 )

J
Of which:
X = Direct motion correlation matrix
Jo= Inverse kinematics correlation matrix
The following equations are proposed.

VpX j91 0 0 911

jx21 jx22 jx23 ij =/ 0 jaz 0 ‘912 (3)
jx31 jx32 jx33 sz 0 0 jea G,

J x11 J x12 J x13

It will generate a clear structure for the robot’s
Jacobian matrix or Delta Jacobian matrix.

. 1. . i
) Jo 0 0 ha b s
J= (Ja) Jy= 0 jez 0 jx21 szz szs

0 0 j€3 jx31 jx32 jx33

(4)

As the above matrix is singular, the closed-loop
mechanism can have a singular direct kinematics
configuration, a singular inverse kinematics config-
uration, or both.

Trajectory planning is developed through the
inverse kinematics algorithm, which can be used to
obtain the mathematical model representing differ-

ential motion, as shown in equation (4) and (5).
atk+2) =q(k)+(ja(k)) " Ix*v(k)*At (5)

This equation can be easily developed by a
computer because it is an iterative process that cal-
culates the output q(k) in each sample.

3.2.Joint space

The description of motion in joint space con-
siders the method of generating paths, where the
shapes of these paths (in space and time) are speci-
fied according to the joint angle function (Figure
4)lel,
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Figure 4. Typical representation of joint space!!!!.

The time required for each section of the route
shall be the same for each joint so that all relevant
joints reach the track point at the same time!®!,

Inverse kinematics allows you to calculate a set
of joint angles corresponding to the target configu-
ration (position and direction), and know the start
and end points, so as to find a function ©to deter-
mine the initial value of the configuration ' and the
final value of the configuration.

In order to create a unified function, at least

(1)

four constraints are obvious, two of which are

the constraints of initial and final position values,
and the other two constraints will correspond to the
conditions of initial and final velocity.

0(0) = 6,
o(tf) =6,
0(0)=0
O(tf)=0
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Therefore, these constraints satisfy a minimum
cubic polynomial (cubic polynomial), which will
describe its position, velocity and acceleration re-

spectively.
o(t) =a, +at+a,t’ +at’ (6)
O(t) = a, + 2a,t +3a,t? (7)
O(t) = 2a, +6ayt (8)

Therefore, by combining constraints with
equations (6, 7 and 8), the following constants

8y, 8,8, 8 can be easily found.
a, =6,
a =0

a2=t32(ef ~6,)
2
8 =50 -)

Once all constants of the polynomial are found,
any joint angle can be connected from the initial
position to the desired end. This example is appli-
cable to zero initial and final velocity, but I know
whether it is necessary to increase the number of
constraints and the order of the polynomial in order
to have greater control when generating the trajec-
tory, such as constraining velocity and acceleration
at each point of the analysis.

In order to improve the computational perfor-
mance, it is best to transform the equation into vector
matrix form.

[61=[M]*[C]
[C]=[M]"[4]
Of which:
[C]= Matriz de coeficientes [a, a]

[M]=Time power coefficient matrix

[bt"..bt*]

[€] = Constraint matrix, velocity and acceleration

As a final expression:

O(to)] [1 0 0 07 [a

o(tf) 1t t2 ¢ |a

o(to) 01 0 0]]|a ©)
2

o(tf) 0 1 2t 3t*| |a,

4. Execution Track

This section is devoted to analyzing and exe-
cuting the trajectory realized on the Delta robot. The
purpose is to test the behavior of the robot on the
point-to-point trajectory relative to the inverse
kinematics algorithm.

4.1.Execution algorithm

The algorithm for planning and executing tra-
jectories has the following development structure.

1. Calculate the inverse kinematics on the point
orbit.

2. Calculate the velocity between orbital points.

3. Calculation of Jacobiana matrix.

4. Implementation of equation (4) and (5).

5. Send the angle provided in step 4 to the
electronic circuit.

6. The direct kinematic angle provided in step
4.

4.2.Track 1

The first implementation path is designed as an
equilateral triangle. The path is planned on the XY
plane, maintains a constant value at the Z coordinate,
and is designed through a total of five points, three of
which are the track points and two are the start and
end points of the track. The coordinates of the points
are shown in Table 2.

Table 2. The points that make up track 1

Spot | Xcoordinate Y coordinate Z coordinate
Initial 0 30
Track 15 30
Track 0 15 30
Track -15 0 30

End 0 0 30
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The behavior of Delta robot in the joint space
describing trajectory 1 is as follows (Figure 5-7).
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Figure 5. Behavior of joint space point trace 1 in =
CuorCaacs coordenada X
MATLAB.

EsPACIO ARTICULACIONES Figure 9. Behavior of point trace 2 in Cartesian
space in MATLAB.

ESPACIO CARTESIANO

TETA3

coordenada Z

Figure 6. Behavior of point trace 2 in space joint in
MATLAB environment.

ESPACIO ARH(?ULACIONES Soordenada Y 0 -5

coordenada X

Figure 10. Behavior of point trace 3 in Cartesian
space in MATLAB.

In this trajectory, a constant speed is select-
ed between the trajectory points to ensure that there
is a straight line between these points, which can be
TETA 2 i el seen from the graph describing the joint space tra-
jectory of the inverse kinematics algorithm.

TETA3

Figure 7. Behavior of point trace 3 in space joint in In order to make the Delta robot track the tra-
MATLAB environment.

jectory correctly in the development process, 480
iterations are carried out to better understand the
straight line constituting the three actuators.

Therefore, it can be seen that the angle is al-
ways between (0 to 180), which ensures the
nonsingularity in the Delta robot. In this case, if the
angle is greater than 180 or less than 0, singularity
will be generated in the robot, resulting in a point in
the workspace that the robot cannot reach.

Then, in the XY plane (Figure 11) and the
Cartesian space on each coordinate axis (Figure 12),
Figure 8. Behavior of point trace 1 in Cartesian the overall behavior of the Delta robot during the

space in MATLAB. execution of the whole trajectory 1 can be observed.

The behavior of Delta robot in Cartesian space
describing trajectory 1 is as follows (Figure 8-10).

ESPACIO CARTESIANO

cooréenala 2

o

coardenada Y U] coordenada X
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ESPACIO CARTESIANO
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Figure 11. The trajectory behavior of the XY plane.

ESPACIO CARTESIANO

coordena Z

B
4

coordena Y

Figure 12. XYZ plane behavior trajectory.

The third-order characteristic polynomial and
its respective position and speed limits are also an-
alyzed to confirm that the actuator has reached the
required position at each trajectory point.

Point track 1
39+0.2135t? —0.0014t3

39+0.2118t? —0.0014t*
39+0.2118t? —0.0014t3

Point track 2

59 +0.2118t* +01729t? —0.0034t*
59 +0.2118t* +01729t> —0.0034t*
59 +0.2118t* +01729t? —0.0034t*
Point track 3

75+ 2.6471t* + 0.0706t> —0.0135t3
75+ 2.6471t" +0.0706t* —0.0135t°
75+ 2.6471t* +0.0706t? +0.0135t3

Then, the behavior of each actuator (servo
motor) can be evaluated by tracking the position
generated by the above polynomial in different point
trajectories constituting the trajectory (Figure 13—
21).

Figure 13. Behavior of actuator 1 on point trajectory
1 in MATLAB.
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angluos ('grados)‘

tiempo(s)

Figure 14. Behavior of actuator 1 on point trajectory
2 in MATLAB.

Grados

=
T(s)

Figure 15. Behavior of actuator 1 on point trajectory
3 in MATLAB.

Grados

Figure 16. Behavior of actuator 2 on point trajectory
1 in MATLAB.
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Grados

Figure 17. Behavior of actuator 2 on point trajectory
2 in MATLAB.

Grados

50 I 1 H 1 L
] 1 3 3 4 5 6 T 8 9 10

Figure 18. Behavior of actuator 2 on point trajectory
3 in MATLAB.

3 4 5 =} 7 ] =] 10
T(s)

Figure 19. Behavior of actuator 3 on point trajectory
1 in MATLAB.

Grados

Figure 20. Behavior of actuator 3 on point trajectory
2 in MATLAB.

Grados
5

T(s)

Figure 21. Behavior of actuator 3 on point trajectory
3 in MATLAB.

In the figure, you can see the continuous mo-
tion between the point trajectory difference of the
inverse kinematics algorithm, so as to ensure that the
end effector passes through each point trajectory
accurately, which can greatly improve the time ac-
curacy.

Finally, a simulation is generated in the
three-dimensional environment of a mechanical
system called MATLAB SimMechanics™. In this
environment, the connecting rod behavior in the
execution of the previously generated track can be
verified by visualizing the positions of the initial
point and the first point track (Figure 22) reached by
the Delta robot along the straight line.

Mechanics Explorers - Mechanics Explorer-EnsamDelta ® x
Mechanics Explorer-EnsamDelta

7, EnsamDelta ~
@ BaseMovilD_1_RIGID
@ %7 BaseServosD_1_RIGID

SOOCMIEETINE x —|

Figure 22. Simulation of Delta robot in MATLAB.
4.3.Track 2

The second path to be realized is realized by
changing the speed in the algorithm, so that a semi-
circle centered on the origin between the track points
can be formed in Cartesian space, where the coor-
dinates of the points can be observed (Table 6).
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Table 6. The points that make up track 2

Spot X coordi- Y coordi- Z coordi-
nate nate nate
Initial 0 0 30
Track 1 15 0 30
Track 2 0 -15 30
Track 3 0 0 30

The behavior of Delta robot in joint space and

Cartesian space (Figure 23-25) describing trajec-
tory 2 is as follows.

coordenada Z

Figure 23. Behavior of point trace 1 in Cartesian
space.

ESPACIO CARTESIAND

coordenada Z

R
coordena ¥ o coordenada X

Figure 24. Behavior of point trace 2 in Cartesian
space.

Laerel

ESPACIO CARTESIANO.

......

325 .-
<o |

Figure 25. Behavior of point trace 3 in Cartesian
space.
A fourth display of the trajectory is generat-

ed by changing the number of points (Figure 26).

Figure 26. Behavior of point trace 4 in Cartesian
space.

Finally, a simulation is
three-dimensional environment of a mechanical
system called MATLAB SimMechanics™. In this
environment, the connecting rod behavior during the
execution of the previously generated trajectory
can be verified by visualizing the positions of the
starting point and ending point (Figure 27, 28) of the
trajectory reached by the Delta robot along the pre-

viously planned semicircular trajectory.

generated in a

Figure 27. Robot Delta trajectory simulation 1.

hanics
Mechanics Explorer-EnsamDelta

Mec Explorers - Mechanics Explorer-EnsamDelta ® x
~

Figure 28. Robot Delta trajectory simulation 2.

5. Conclusion

The behavior of Delta robot is supported by the
inverse kinematics trajectory algorithm. The algo-
rithm needs to develop Jacobiano matrix or Jacobi-
ana matrix, and simulate a cubic polynomial, which
can compare the different computational advantages

51



Diego Edison Flérez Vergara, Fabian Camilo Castro Riveros, Ricardo Andrés Castillo Estepa

of the two algorithms. 2005.

Practice shows that the polynomial method has
less computation than the iterative inverse kinemat-
ics algorithm, but its main advantage is that it can
directly predict the singularity of the robot Delta
together with the Jacobiano method.

These trajectories work according to the basic
constant speed standard of linear motion. Therefore,
with the change of speed vector, different trajectories
will be generated. In some cases, the trajectories
will be transferred from the interpolation process to
the approximate process of position error.
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