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Abstract—In recent decades, robotics and artificial
intelligence have gained significant importance for their
involvement in various industrial processes currently at their
peak. Nevertheless, advanced robots are not designed
explicitly for lemon supply. This research aims to develop a
manipulator robot with 5 degrees of freedom and control its
trajectories for lemon supply purposes. To achieve this goal,
kinematic and dynamic calculations of the manipulator robot
were performed, along with the development of
programming code in Matlab to determine its trajectories,
positions, speeds, and accelerations. In addition, the
Proportional Integral Derivative (PID) tuner was used to
obtain the optimal controller parameters and ensure
accurate joint trajectory generation.

Keywords—robotic arm, Proportional Integral Derivative
(P1D) controller, robot path, control, modeling, human-robot
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I. INTRODUCTION

The automated system for lemon juice extraction
comprises a complex production line encompassing
various stages, including supply, washing and drying,
cutting and compression, control, bottling, and labeling
processes. Within this production line, the precise and
swift execution of tasks is imperative, requiring the
involvement of three manipulator robots responsible for
tasks such as the supply of raw material, the entry of empty
plastic containers, and the retrieval of filled bottles.
However, despite the availability of advanced robots
equipped with sophisticated controls, none are tailored to
the specific task of supplying lemons. In response to this
gap, the current research focuses on the designing and
controlling of a 5-Degree-of-Freedom (5-DOF) robot
dedicated to the lemon supply process. This process
includes picking up the container, elevating it to a fixed
point, tilting it, and transporting it to the opposite end for
orderly release.

To carry out the solution of the problem, first the design
of the manipulator robot is developed, consequently its
dynamics and kinematics, to finally carry out the
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respective control and be able to define the correct
trajectories of the robot [1-5].

Il. LITERATURE REVIEW

Robots are widely used for specific functions that
require high levels of precision, strength, balance, and
speed, among others. An illustrative instance in medicine
is the intelligent robot developed by Bouterra et al. [6]. It
aims to conduct wrist rehabilitation using a novel muscle
evaluation protocol that relies on the Internet of Things
(10T) and extracting electromagnetic (EMG) signals. In the
same area, Acuna et al. [7] validated a robotic system for
the mechanical characterization of soft tissues by a
micromanipulator capable of performing tests of 5 nN-50
UN tests.

On the other hand, we have robots that run in real-time,
like the one developed by Pinrath and Matsuhira [8]. He
designed a semi-autonomous simulator that runs on any
unknown narrow path based on Braitenberg and Motion
Planning Module (MPL) algorithms. Similarly, Igo
designed an optimal robot for going up and down stairs and
retrieving objects from complex places. Unlike the
previous one, this robot is based on a claw mechanism to
obtain a better grip when executing the movements [9].

Currently, there is a wide variety of controls for robots.
These vary according to the function it will perform and
the designer’s approach to it. Yuan et al. [10] proposed a
new type of robot control called Zafe Control Gym that
supports control techniques based on other models or
collected data. In contrast, the Robot Operator System
(ROS), pioneered by Fischer et al. [11], relies on cutting-
edge perception and control algorithms, and its
programming code is predominantly implemented in C++.

However, there are other groups of complex controls
designed for soft robots. Zhou et al. [12] developed a
control based on an electromechanical dynamic model that
adaptively compensates the parameters during the
execution of a multilayer flexure actuator. According to
the author, the performance of this type of control is
superior to that of a Proportional Integral Derivative (PID)
control. On the other hand, Weng et al. [13] presented a
feedback control that ensures improved convergence
performance, where the parameterization of the Lyapunov
control is done correctly in space.
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In the same row of complex controllers, hybrid
algorithms like the one developed by Yahya and
Abbas [14]. He combined two types of algorithms, the
Salp Swarm Algorithm (SSA) and Gray Wolf Optimizer
(GWO), thus generating an Integral Slider Mode
Controller (ISMC) whose objective was to improve the
performance of a 2-link flexible joint manipulator. Instead,
Herguez et al. [15] developed a control based on double
integrator dynamic modeling whose objective was to
ensure that the robot does not make excessive collisions or
stretches.

However, commonly employed control methods in the
industry, chosen for their characteristics and the simplicity
of their algorithms, include predictive control.
Clitan et al. [16] applied this control to a DC motor in an
industrial robot manipulator to predict forward and
backward motion. In this particular predictive control
approach, the Dead Beat algorithm was utilized due to its
ability to generate a control structure effortlessly.

Predictive control can also use Long Short-Term
Memory (LSTM), developed by Najafqolianetal. [17]. He
used LSTM to encompass a cascade and position
controller to achieve effective UAV training.

Proportional Integral Derivative (PID) control is
another type widely used in the industry due to its
robustness and wide application. The optimal setting of a
PID controller is widely used for manipulator robots and
delta parallel robots [18, 19]. It is based on hybrid
optimization algorithms and dynamic features that help
perform a correct master-slave synchronization [20, 21].

The planning of the movement and the trajectory that
the robot will carry out is essential for its correct execution
since, in this way, the machine-machine or machine-object
collision is avoided. Such planning can be achieved by the
convexification  method, also called parabolic
relaxation [22], differential evolution algorithms based on
kinematic constraints [23, 24], Lyapunov stability theory
[25], vertical plane underactuated manipulator control,
Differential Evolution Optimization (DEO) algorithms
supported by an applied robot operating system [26], PID

control, differential evolution algorithm [27], among other.

Each manipulator robot requires a different approach
according to the function. However, ROS is widely used
in robotics due to the ease of executing its algorithms to
perform movements, object tracking, recognition, and
segmentation, among others [11].

I1l. MATERIALS AND METHODS

In the first instance, the sketch of the manipulator robot
is made to define the 5 DOFs. After that, the robot’s
inverse kinematics is developed to determine the robot
manipulator’s kinematic parameters. In Fig. 1, the
x;,y; and z; axes are the three-dimensional plane, where
the subscript i assumes values of the quantity of the
number of joints. Additionally, a; is denoted as the
distance from the axis z; along the axis x;. The angle to be
rotated z;_, to get to z;, rotating around x; is known as «;.
While the distance from the system x,y,z, until the
intersection of z;_; toward z;, throughout z;_, is known

as d;, and the angle from x;_; until x; spinning around
z; is known as 9;.

Fig. 1. Kinematic parameters.

Table 1 shows the kinematic parameters of the robot to
apply the Denavit-Hartenberg algorithm.

TABLE I. PARAMETERS DENAVIT-HARTENBERG

i ai ai di O
1 L, 90 Q: 90
2 Ls 90 Q2 90
3 L, 90 0 Qs
4 Ls 90 0 Qs
5 Le 90 0 Qs

Once this is done, the homogeneous transformation
matrices concerning the reference are obtained,
multiplying the matrix of each link ,_,T* where k =
[1,2,3,..n]; n=#GDL, Eq. (1). Also, compact
expressions are defined as Ca = cos (a); Sa = sin (a).

0 01 O
|1 0 0 L
° “lo 1 0 d,
000 1
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1 0 0 d
T2= 2
! 010 0
0 00 1
_C3 0 53 L4_XC3_
T3_ 53 0 _C3 L4XS3
2 0 1 0 0
0 0 O 1
C, 0 S; LgxCs]
T4= 54_ 0 _C4 L5XS3
3 0 1 0 0
[0 0 O 1
Cs 0 Sg LgxCs
5= 55 0 _C5 L6><S3
AT 01 0 0 (1)
0 0 0 1
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The general homogeneous transformation matrix that
relates the referential xsyszz concerning the referential
XoYoZo is defined in Eq. (2):

o = Tt x ;T?x ,T3x ;T*x ,T®

@)

Then, the inertia tensors of the elements that constitute
the system are developed concerning their referential
transferred to their centers of mass, being I, the inertia
tensors of the system elements, where k = [1,2,3 ...].

L, +1, 0 0
D1(Q) = 0 Ilzz + szx 0 (3)
0 O lex + IZZZ
I, 1, 0 0
D2 (q) = 0 I3zz + I4xx 0
I, 0 0]
D3 (q) = 0 stx 0
[0 0 s, ]
I, 0 0]
D4(q) = 0 16xx 0
[0 0 g, ]
1, 0 0]
DS (q) = 0 I7xx 0
[0 0 I, ]

It should be emphasized that the system’s total inertia
tensors with respect to the axes of rotation or translation
relative to the referential base are obtained by adding the
tensors of each element.

D(q) = D1(q) + D»(q) + D3(q) + D4(q) + Ds(q) (4)

Eq. (5) is expressed as:

dy1(q) 0 0
D(@)=| 0 dpnlqe) O ®)
0 0 ds3(q)

It is worth noting that the system considers the use of
gravity in the trajectory equations and the torque of the
electric motor in the dynamics of the robot manipulator. If
this is not considered, it will affect matrix D, converting it
to a 4>3 matrixor a square matrix with many zeros in its
components, causing collisions in the joints of the robot.

di1(q) 4 0( ) 0
0 22(q 0
Dq 0 0  ds3(q) ©)
0 0 0
di1(q) 0 0
Dg=| 0 0 0 O
0 00
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Consequently, we define the vectors from the base
referential origin to the center of mass of each element.
This is respectively described as:

0 0 00O
Jyi=10 0 000
1 0 00O
01 00O
Jv2=10 0 000 (8)
1 0 00O
(L4Cs)
[0 1o 0}
Jv3=10 0 0 00
—(L,S
[1 0 (L4S3) 0 OJ
2
—(LsS3S.
(LsC5C,) M
1 L,Cq > 2
JV4=1(0 O 0 (LsTm
L:C,S
10 —Ls, - 95 s
2
[ Lg x (S35 + C3C,C
0 (6 (352 345)) d14 dlS
JV5 = 0 0 0 dyy das
_1 0 L6C355 - L4S3 _L d34 d35

Then, we define the dynamic equation of the electric
motor. We analyze the mechanical subsystem (Fig. 2) and
the electrical subsystem (Fig. 3).

R, La
-+ N— i - ny
+ . > T ;gm(l) Tm(t) AJ\N\
i ' SO
€y 0 VBOM I IRO)S
i ‘ Jm, bm ;?fl_gtm E—
- b K 5 A
(O
\—l-x.r-f
n;
Fig. 2. Mechanical subsystem [28].
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Fig. 3. Electrical subsystem [28].

Starting from Fig. 2, we define the following Eq. (9),
where j,,: polar moment of inertia of the motor, b,,:
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engine biscose coefficient, ,,: acceleration, 6,,: speed y,
wy,. instantaneous angular velocity.
Tr (£) = 1,(t) + nr, (t) + T5(E)
T () = JnOm (©) + B0 (£)
T7() = JmOpm () + B (t) + nr () + Ty (t) (9)
Tr(t) = Jm 0,(8) /1 + By 6,(0)/m + 1, () + Ty (8)
Similarly, from Fig. 3, we define the equations of the

electrical system, where k,,: back emf constant, 8,,,: motor
shaft position, L,,: inductor.

0 = R () + 2251, 0) + €5 (1)
v, (t) = Axu(t)
Axu(t) = Ryuin(t) +ep(t); L, = 0

Once the mechanical and electrical equations are
obtained, we perform the electromechanical coupling
Eq. (11).

(10)

ey(t) = Kpbm(t)
T7(8) = Kl ()

(11)

From Egs. (9)—(12), we obtain the dynamic equation of
the electric motor.

le- ><]ml- Rmi X Fmi Kbl .
W = q, ( + )CIL
A; x Km; xn; A xKm;xn;  A;xn
le’ Xn; (12)
+——T;

4;

Eq. (12) as a function of T; and consideringn; = 1,
Since the motors do not have reduction gears, the
following is obtained:

Rm i
+le+Kbl XRmL- XKml- .

a4

T;

i

Kml-

The total inertia tensors determine the robot's kinetic
energy and potential energy.

1
Ec(q, ) = 5(@" xD(@) x4 (13)

Ly x Ms x cos(qs)
Fe = dg, x ((dgs x (=
+ Ly x Mgx cos(qs)
+ L4 x M;x cos(qs)
N Ls x Mg x cos(q3) x cos(q,)

2
+ Lsx M; x cos(q3) x cos(q,)
+ (Le x M7 x sin(q3) x sin(qs))
2

Ey(q) = —g" (M1 + M2)Ci(q) + (M5 + M) Co(q)
+ MsC3(q) + MeCo(q) + M;Cs(q)

(14)
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M, xa; M;xa
2 - 2 +M2Xd1

+Myxd; +M,xd; + Mg xdy
Ly x Mg
2
+ Ly x Mg + Ly x Mg
L, x Ms x cos(q3)
2

Ep = gr x (M; xd, —

+ Mg xd; + M, xd; +
Ly xM,

+

+L3 XM7 +
+ L, x Mg x cos(q3)

Finally, the dynamic coupling of the electric motor
with the dynamics of the 5 DOF manipulator robot is
performed. To do this, we proceed to perform the
dynamics of the robot manipulator.

d o
dt dg; aq;
Once Eqg. (15) is obtained, we will couple the dynamics

of the electric motor to obtain Egs. (16)—(20), which
determine the trajectories of each joint.

(leBm1 ) .
A Kmin, N

n;Rm, .
A1Km1) * ([d11(q)]d,

[di2(]d2 + [d13(q)]ds
[d14(@]ds + [d15(q)]ds + c1(q, )
Rm,Bm,

+ hy(q) + b1(q1))
Rmyjm, | ( ) .
A, Kmyn, 42 R A, Kmyn, 4z
ny, KM, ..
+ (g < (s (@)l
[d22(@)]d2 + [d23(q)]ds
[d24(@]ds + [d2s5(@)]ds + c2(q,q)
hy(q) + b2(42))
Rm;Bmg,

(A3Km3n3 )q3

sRmg .
+ (231(7:13) x ([ds31(@)]d1
[ds2 ()]G + [d33(q)]45
[d34(@)]Gs + [d35(@)]Gs + c3(q,q)
Rm,Bm,

h3(q) + b3(43))
RmyJm, ( ) .
AKmyn, e AsKmyn, Q4
n4aRm, .
o)< (@i
+ [dyz(@]d; + [daz(q@)]ds
+ [dya (]G, + [das(@]ds + ca(q, @)
+ ha(q) + by(qa))
+ <A5Km5n5 ) s
ngRmg ..
+ (i) * (s @i
[ds3(@)]d; + [ds3(q)]ds

[ds3(@)]da + [ds3(q)]ds + cs(q, 4)
hs(q) + bs(gs))

L(q,q) —-L(q¢) =T;1<i<5 (15)

Ainy

Rmm,

u = ——----
1(t) A Kmon, d1

+
(16)

+

+

2(t) =
u2(t) o,

17)
+
+
+
Aszng

RmsJm;

t)=———
uz(t) A Kmgn, 13

N (18)
+
+

Auny

u,(t) =

(19)

Kbs
Asns

Rmsjms . RmsBmg

t)=—r—
us(t) A Kmens qs

+
+
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Once the mathematical part is finished, the manipulator
robot is modeled using Autodesk Inventor software
(Fig. 4). The construction material chosen is 316 stainless
steel for its suitability for handling food products. This
material offers high resistance to non-oxidizable acids and
pitting corrosion and a moderate aesthetic level.

Fig. 4. Robot manipulator.

On the other hand, the code to execute the trajectories
of the robot manipulator is developed. Through a flowchart
(Fig. 5), an overview of the operation of the manipulator
robot is shown.

Subsequently, the code of the manipulator robot is made.

For this, essential code fragments for executing the robot
manipulator are detailed. Table Il shows the dimensions of
each link (d;), the speeds of each joint (dg;), and
execution time of the 5 GL robot (t;).

Define robot configuration

v

Define algorithm parameters

v

| Determine operating range

v

| Develop trajectory code ‘

Modify code

Get trajectory graphs

Fig. 5. Operation flow of the manipulator robot.
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TABLE Il. KINEMATIC PARAMETERS

Kinematic Parameters

i d dq; t;

1 g;=-105 dg;=4 =0
2 q2=65 dq2=3 t2=10
3 Q3=150 dq:),=6 t;=20
4 =45 dge=3 £,=30
5 05=90 dgs=2 ts=40
6 q6=55 dq5=1 te=50
7 Q7=90 dQ7=05 t,=60

IV. RESULTS

After executing the program, the joint movement of the
robot manipulator is obtained as a result. In Fig. 6, the
robot can be seen performing the lifting movement. The
joint qv, and quvs perform a translation in the z-axis and
the joint qv; on the y-axis.

Fig. 7. Emptying movement of the manipulator robot.

Fig. 7 shows the emptying movement of the manipulator
robot. In this image the joints qv, and qvs performs a
translation in the x axis, to be able to tilt the hook of the
manipulator robot.

However, each joint presents its own trajectory,
however, q, (Fig. 8(a)), q, (Fig. 8(b)), q, (Fig. 8(d)) and
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qe (Fig. 8(f)) have a similarity in terms of their trajectory,
more not at runtime. Similarly, joints g5 (Fig. 8(c)) and g5
(Fig. 8(e)). It should be emphasized that the last 2 joints
have an inverse trajectory to q,.

Joint g1
100 momtatl |
_. 50Ff
£
=}
[
= of
(=2
E
(=] P
] ,50 |-
R0 —— :
0 4 6
Time (s)
(@
Joint g2
160 T 9
140
E
o L
g 120
< -
o -
£ 100 -
5 -
9
80 r
60" :
10 14 16
Time (s)
(b)
Joint g3
160 T 9 T
140 |
£ 1201
o N
] N
- 100 |
o .
E
< gof X
1}
60
40 *
20 24 26
Time (s)
(©)
Joint q4
80 [
E ol -
o ~
60
E
©
= 50
40
34 36
Time (s)
(d)

Joint g5
— 80 ™ 4
E
T
£
w 70 A b
[=2 “
E \\\
s L
60 . ]
50 . . . .
40 42 44 46 48 50
Time (s)
(®
Joint g6
a0 T q T
.80 _
E -
g 7
© 70F e _
=2 7
= -
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60t 1 |
50 ‘ : : :
50 52 54 56 58 60
Time (s)
®

Fig. 8. Joint trajectory (a) g, (b) g2, (¢) g3, (d) qa. (&) g5 and (f) qs.

In addition, the total angular displacement is acquired
(Fig. 9(a)), to illustrate the overall angular rotation of the
robot manipulator. The graphs of the total angular velocity
(Fig. 9(b)) and the total acceleration (Fig. 9(c)) are also
derived.
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20 L 1 I 1 1 1 L I
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Full Acceleration
T T T

Acceleration (m/s?)

20 25

Time (s)
. 0O .
Fig. 9. Full (a) angular displacement, (b) Full angular velocity and
(c) Full acceleration.

30 50

To visualize the execution of the joints of the
manipulator robot, we go to the following link:
https://n9.cl/5qdo6. On the other hand, we use the Matlab
tuner to design the PID controller. For this, we define the
transfer functions of the joints to be controlled. After that,
we apply the tuner and obtain the controller parameters
expressed in Table IlI.

TABLE Ill. CONTROLLER PARAMETERS PID

Parameter Value
Ky 65.6122
K; 5.548
Ky 23.491

In Fig. 10, we have the graph of the angular positions of
the joints q,(t),q,(t),qs(t) and q,(t) using the PID
controller. We see that at approximately 4 s, the joints of
the robot manipulator come to stabilization.

However, the robot manipulator is prone to both
external and internal disturbances. The torque exerted by
the motor is crucial for this type of robot. For this, a robust
PID controller would be the most appropriate excellent due
to its great control against disturbances such as torque.
However, from the present work, we can change the type
of control to a predictive control, relying on neural
networks and artificial intelligence, to obtain a robot
manipulator that can predict with total certainty other types
of movements at different ranges and with absolute
precision, in addition to constantly feedback from each
execution.

200

qri(t), qr2(t),qr3() qrd{t)

t(seq)

Fig. 10. Angular positions with PID control.
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V. CONCLUSIONS

In analyzing the robot manipulator’s dynamics, it is
essential to consider the influence of gravity. This
consideration is directly associated with the centers of
inertia of each joint, which, in turn, are connected to the
overall inertia tensors. Neglecting this factor could result
in collisions between the robot’s various components.

With the developed program, it was shown that the
articulations q_1 (Fig. 8(a), q_2 (Fig. 8(b), g_4 (Fig. 8(d),
and q_6 (Fig. 8(f) present a similar trajectory, but with
different execution times. On the other hand, joints q_3
(Fig. 8(c) and g_5 (Fig. 8(e) show an inverse trajectory to
the first four joints but with the same characteristics
described.

In Fig. 9(b) and Fig. 9(c), the maximum angular velocity
and maximum angular acceleration can be seen, with
values of 24 m/s to —18 m/s and from —20m/s? to
8 m/s? respectively. These values enable us to make an
appropriate choice for the electric motor for the robot
manipulator.

The PID control elaborated based on the tuning in
Matlab, was adequate but not optimal because the
stabilization of the joints reaches approximately 4 s
(Fig. 10), which, in that period the robot is ready for
disturbances that would crucially affect the future
functions to be performed. Additionally, further
investigation can focus on optimizing PID control for
faster joint stabilization and reduced vulnerability to
disturbances.
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