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Abstract: The most difficult task for a robotics researcher is to control the robot
manipulator with adequate overall efficiency. This work presents accurate and fast
techniques for optimizing the parameters of a 3-DOF robot manipulator, this kind
of robot is intended for academic and educational work and it is also used in the
medical field. The links of the 3- DOF are all rotary or revolute joints with serial
connections.

The optimization technique focuses on the Intelligent Swarm algorithms that are
used for optimizing and tuning the gain of the proposed controller, which is the
conventional Proportional Integral Derivative (PID) is used.

The Intelligent Particle Swarm Optimization (PSO) and Social Spider Optimization
(SSO) have been used for obtaining the best values for the parameters of the
controller, to achieve consistency, stability, and robustness. MATLAB/Simulink is
used to speed up the computing of FK, IK, and DM of the 3-DOF robot manipulator.
The results show that modified PID /SSO gives the best results in terms of stable
phase response, minimum Root Means Square Error with the best objective
function, stable control signal and reasonable steady-state with perfect trajectory
tracking for circular path.

Keywords: PID Controller, PSO Algorithm, SSO Algorithm, 3- DOF Robot
Manipulator, Kinematics and Dynamic of Robot manipulator.

1. Introduction
This work presents accurate and fast techniques for optimizing the parameters of a
3-DOF robot manipulator. Proportional-integral-derivative (PID) controllers are
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widely used in robotics due to their simplicity, robustness, and ease of
implementation. However, traditional PID controllers often struggle with real -time
adaptation in dynamic environments, leading to suboptimal performance in robotic
applications. To address this limitation, intelligent optimization algorithms have
been increasingly integrated into PID tuning strategies, allowing for improved
adaptability and control precision. Among these algorithms, Particle Swarm
Optimization (PSO) and Social Spider Optimization (SSO) have demonstrated
significant potential in fine-tuning PID parameters dynamically, ensuring optimal
system response under varying conditions.

This research focuses on developing an adaptive PID control framework for robotic
applications, leveraging PSO and SSO for real-time parameter tuning. By
combining these nature-inspired algorithms, we aim to enhance the controller's
ability to adapt to changing environments, reducing overshoot, steady-state error,
and response time. The proposed approach is validated through simulations and
experimental evaluations, demonstrating its efficacy in improving robotic control
performance.

2. Related Work

Several studies have explored optimization-based approaches for PID tuning in
robotics. Traditional methods such as Ziegler-Nichols and Cohen-Coon provide
static tuning solutions but lack adaptability in real-time applications [1]. To
overcome this limitation, researchers have employed heuristic and metaheuristic
optimization techniques to optimize PID gains dynamically. integrated with PID
control in robotic applications [2]. Particle Swarm Optimization (PSO) has been
extensively applied in control systems due to its ability to efficiently search large
solution spaces. PSO-based PID tuning has been used in mobile robotics [3], and
industrial automation, showing improved control performance compared to
classical methods. Social Spider Optimization (SSO) is a relatively newer approach
inspired by the cooperative behavior of social spiders. Studies have shown that SSO
can outperform traditional optimization methods in complex search spaces [4]. Its
application in PID tuning has demonstrated promising results in reducing control
errors and enhancing system stability [5]. Hybrid approaches combining multiple
optimization techniques have also been explored. For instance, a combination of
Genetic Algorithms (GA) and PSO has been proposed for self-tuning controllers
[6], while Artificial Bee Colony (ABC) algorithms have been Dynamic and
kinematic formulation of 3-DOF articulated robotic manipulator [ 7]. Intelligent PID
Controller for Vibration Suppression of Horizontal Flexible Plate Based on Social
Spider Optimization: This study presents an intelligent PID controller optimized
using the Social Spider Optimization (SSO) algorithm to suppress vibrations in a
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horizontal flexible plate. The research demonstrates that the SSO-optimized PID
controller effectively reduces vibration amplitudes, leading to improved system
stability and performance. (8).Speed Control of Wheeled Mobile Robot by Nature-
Inspired Social Spider Optimization Algorithm: The paper proposes using the SSO
algorithm to tune PID controllers for the speed control of wheeled mobile robots.
The results indicate that the SSO-optimized PID controller achieves precise speed
control, even in the presence of disturbances and uncertainties, showcasing the
potential of SSO in robotic applications. (9)

PID Controller with Novel PSO Applied to a Joint of a Robotic Manipulator: This
research presents a novel PSO algorithm applied to the speed control of a robotic
manipulator joint driven by a three-phase induction motor. The study demonstrates
that the PSO-optimized PID controller effectively improves the dynamic response
and precision of the manipulator joint (10)

Despite these advancements, limited research has focused on integrating PSO and
SSO for adaptive PID control in robotics. This study aims to bridge this gap by
developing a hybrid optimization framework that leverages the strengths of both
algorithms for enhanced real-time adaptability.

3. Kinematics and Dynamic of Robot manipulator:

The paramount component of the robotic manipulator is the precise ultimate
position of the end effector, devoid of any disturbances that could affect the robot's
overall performance. The study of robot manipulators can be categorized into two
primary components: kinematics and dynamics. Kinematics pertains to the
relationships among the locations, velocities, and accelerations associated with the
movements of a robotic arm. The objective of kinematics is to explain the position
of a frame in relation to its initial coordinates. Dynamic simulation defines the
relationship among joint motion, velocity, acceleration, torque, and electrical
parameters such as current or voltage. It may also be used to describe specific
dynamic qualities pertinent to system behavior, including inertia, Coriolis effects,
centrifugal forces, and other associated factors [11]. Figure (1) illustrates the
general configuration of the 3-DOF robotic arm manipulator in spherical
coordinates, featuring several joints and their corresponding linkages. This robot
will serve as the case example for this effort.
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Figure (1): The three-DOF robot in spherical organize [11]

3.1 Forward Kinematic:
Typically, the forward kinematics (FK) of a robotic manipulator can be

computed in four phases, as outlined below [12]:
1. Examine the descriptions of the link.
2. Identify the parameters of the Denavit-Hartenberg (D-H) convention.
3. Attachment of frames.
4. Calculated FK.

The Denavit-Hartenberg (D-H) conference is to be located next. This
framework was introduced by Jacques Denavit and Richards S. Hartenberg. This
style is employed to select the reference frame for the robotic arm and to evaluate
the forward kinematics of the robot manipulator based on the relationship between
the joints. According to this convention, the alignment of each frame between two
joints will establish the position of each joint in relation to its preceding joint, as
shown in table (1) [12]. The third component involves computing the matrix of the
frame connection. The rotation matrix “"%R, which delineates the orientation of link
i relative to link i-1, is derived by multiplying two matrices: the rotation of angle
o_(i-1) about the X-axis and the rotation of angle 0 i about the Z-axis, [12].
Consequently:

IR = Kic1s ai-)][R (Zy, 6;)] . (D)
Where:
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1 0 0
Xiti-1= [0 Ca;—4 _Sai—ll - (2)
0 Sai_l Cai_l
coe; -S6;, 0
Zi(9i) = [591 CHL 0] . (3)
0 0 1
So, the final matrix for the particular link will be as follow:
C9i —501 0 ai_q
i— S6;Ca;_y CO;Caj_y —Sa;_q —Sa;_qd;
l 1iT= L -1 i -1 -1 —-1%1 (4)

SGiSai_l CHiSal-_l Cai_l Cai—ldi
0 0 0 1

Where, C0;, S6; shorthand of cos 6, sin0 respectively.
The next step is the estimation of total FK, the final 4x4 homogeneous
transformation for the link (i ) in relationto the link (i — 1). For example, FK of
the end effector ( i ), in relation to the base position (i — 1) will be calculated by
multiplying all of i_liT matrices as follows [12]:

end—effelc)?osr? T= l_liT = (1)T %T %T (5)
Figure (2)depicts the three-dimensional location chart of the robotic manipulator
with three degrees of freedom that will serve as the case model for this

investigation.[13].
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Figure (2): Joint frames of the 3-DOF robotic articulated support [13]
Table (1): D-H for 3-DOF robot manipulator arm [13]
Joint i 0; (rad) a;_ (red) aj_;(m) d;(m)

1 0, n, 0 L,
2 0, 0 L, 0
3 0, 0 L, 0

According to the D-H convention of the 3-DOF articulated robot manipulator and
based on Equation (4), the general homogeneous transformation matrix for the
location and orientation of the end effector that is needed will be defined as:

C6,C0,; —C6,50,; SO, L3C0,CO0,;5+ L,CO0,CO,
§6,C60,; —S6,50,; —CO; L3S6,C0,3+ L,56,C60,
S0, CO,3 0 L3503 + L,S6,+L,

0 0 0 1
The homogeneous transformation matrix specified in Equation (6) delineates the
forward kinematics of the 3-DOF robotic manipulator illustrated in Figure (1). The
location and orientation of end effectors are non-linear functions of joint variables
derived from this matrix. Upon deriving the forward kinematics of Figure (1), itis
feasible to determine the position and orientation of the end-effector based on the
individual joint angles (q1, q2, and g3). The orientation matrix of the end-effector
is denoted by the initial three rows and columns of the transformation matrix in
P, = L;C0,C0,5; + L,C0,CH,
Equation (7) [13,14], as follows: { B, = L356,C0,3 + L,56,C0,
P, = L3560,3+ L,S60, + L,

3T = .. (6)

C0,CO,s —CO,56,5 SO,
R, = |S6,C0,5 —56,56,5 —Cb, . (7)
S0, O 0
Where:
CHL- = (Cos 01’ ,Sel =Sin 9[ ’CBU = COS(gi + 9]) ; SQU = Sln(é?l + 9])

3.2 Inverse Kinematic IK

The inverse kinematics problem is employed to ascertain the sequence of
necessary joint angles to achieve a specific ideal end-effector position. Determining
the inverse kinematics solution for the entire manipulator can be a genuinely tough
endeavor, as the inverse kinematics are nonlinear solutions. the algebraic approach
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is use in this work where with some operation related to the laws of (sin 8 , and
cosf), the joints angles will be considered. the final Equations for the three angles
are shown below [ 15]:

6, = 2 tan~! [Ml .8
0; = 2tan?! % .. (9

(—LZ —L3C05 i\/L% +L%+2L,L3CO3 —22>

_ -1

0, = 2tan 71250, ... (10)

k:i[x2+y2+zz—L22—L23] .- (11)
2

Where:

1) 0, Is defined only when /x? +y2 > 0.
2) 6, is between [ wto — m].
The value of all the physical practical limits constraints of the manipulator is

itemized in Table (2).
Table (2): List of the constraints for the 3-DOF robot [13]

Parameters Symbol Value

Length of the first relation L, 0.15m

Length of the second relation L, 0.5m

Length of the third relation L3 0.5m

Mass of the first relation m; 0.5 kg

Mass of the second relation m, 0.5 kg

Mass of the third relation ms 0.5 kg

Unit of gravity g 9.81 m/s?

3.3 Dynamic Model DM:

The dynamic robot model DM is utilized to characterize the robot's performance as
either linear or non-linear. The dynamics of an n-link robotic manipulator are
characterized by a set of highly nonlinear second-order differential equations. The
dynamic manipulator motion equation defines the system reaction and dynamic
behavior of the manipulator, encompassing mechanical force, torque, position,
velocity, and acceleration. System stability is a primary objective and a significant
area of focus in medical applications, evaluated by dynamic equations.
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Figure (3) shows the block diagram for the dynamic and kinematics model that was
designed in this work for controlling the 3-DOF robot manipulator.

For 3- degree of freedom (3-DOF) robot manipulator the dynamic Equations in a
vector format, are obtained as follows [14,16]:

A(q)q+N(qq =1 .. (12)
DM equation for the robot schemer as a result can be printed as follows:
N(qq)=V(q 9 +g(q) .. (13)
V(a =B (9)[qa+E(q)[q]? .. (14)
1= A(Q) 4+ B(q) [d, al + E(q) [¢]*+g (q) .. (15)
Where:

A (q): Symmetric the positive matrix, which is considered for kinetic energy and
inertia matrix, with [n * n] dimension. N(q) : is for the term of the nonlinearity
vector. B (q): is for Coriolis torques matrix, with [n * n(n — 1)/2 ] dimension.
E (q) : is for centrifugal torques, with [n *n] dimension. g(q): is for gravity
torques, with [n * 1] dimension. q: is the joint position (or joint angle), for q=[q; ,
dz2,--qn ] - q: 1s considered as n- vector for joint velocities. { : is considered as
n- vector of accelerations. t: is considered as the joint force vector (torque). [¢]?%:
can be a vector given by [ g2, q3 ..., g2 17. [ q q]: can be a vector given by [ q;
dz » 91 93-- 914n » 9293.n-24n |- According to the basic information all the
functions are derived as follows:

outputs = function (inputs) ... (16)
The input of the dynamic system is torque matrix in the robotic manipulator
arrangement, while the outputs are real variables displacement and joints, as result
it inferred, as follows:

q = function (1) .. (17)
q=A"(q).{t —N(q,} ... (18)
q=ffA*(q).{t—N(q,} ... (19)

So, the DM formulation for the 3-DOF robotic schemer with serial links robot

schemer that is shown in Figure (3), is calculated as follows:
22

AN L t
A @) (G2 +B(q) |41 43| +E(Q) |q5| + (@)= |T2 - (20
qs qd2 943 qs T3

The Lagrange-Euler approach is simpler than the Newton-Euler method for
calculating the dynamic equation of a robot manipulator because it is based on
nonlinear and quadratic differential equations that provide an energy difference
between the kinetic energy and potential.
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Figure (3): Block diagram of dynamic and kinematics model for the 3-DOF
robot

Each link in the 3-DOF robot manipulator is a rigid body, and it may be assumed
that the mass of each link is concentrated at the midpoint of its respective center.
The parameters of all physical practical limits of the manipulator are presented in
Table 2. The Euler-Varangian equations are derived for the three torques
(t1,T4,T3), are as follows [13]:

Ty = (Emﬂlz + Zmzl%C223 +Zm3l§CZZ3 +myl3C5 + m2l2123C2C23)(j1 +

(— imzlz2 sin(2q,) — msl5sin(2q,) — msl, 15 sin(2q, + q3) —
mslZ;sin (2(q; + q3) — M3l sin(Z(qZ + CI3))Q1Q2 +
(=m3ly13C, 8,3 — m3llssin (2(q; + 43))4143 .. (2D

1 . .
T2 = (Z myl5 +mg (13 + 125 + 1,15 C3)>q2 — myly138534245 + ms(lyle3Cs +

.. . 1 . 2 . .
123) Gz — m3lyl 38545 + (;mzlczz sin(2q,) + ms fSIU(ZCIz) + Il 3m3sin(2q, +

1 . .
qs) +;l§3sm2(q2 + Q3)> qi + (lezmagCa + lyma gCs +

leamygCy3) - (22)
= 2myl3G; — my(lylesCs + 12 Le3S23 €y + L3 Cp3)d3
T3 = ;M3l3q3 M3 (l2le3Cs + 153) Gy + M3lesSys (105 + L3 Ca3)dz +
m3(l;1:353G2G3 + (9lc3Ca3) .. (23)
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4. General Model of the System with Actuators:
How quickly a robot can do a task is determined by the actuators and the loads that
each joint is able to handle. The matching circuit for the PMDC Permanent Magnet

DC Motor is shown in Figure (4).

A

~
-V Motor —___—  Motor load

_|
i

{
1]

z

(iR

Link load

-

Figure (4): Circuit of the DC motor [17]

The PMDC motor is utilized because to its superior performance, strength, and
adjustable speed control. The mathematical equation representing the electrical and
mechanical dynamics of a permanent magnet DC motor is derived using
Kirchhoff’s voltage law, applied to the armature windings, resulting in [36]:

Vo = Rig + L 2% + K, & .. (24)
Where:

V, : is the armature voltage of the motor. R and L: are armature equivalent
resistance and inductance, respectively. K, : is the back electromotive force

. d .
constant. i, : isthe armature current. % : denotes the angular position of the

motor.

Ey = K, < ... (25)
The dynamics of the 3-DOF robotic manipulator, as described by Euler-Lagrange’s

equation, are represented by three coupled nonlinear differential equations for
motion, as indicated in Equation (20)20. It is important to note that the armature
voltage of the DC motor serves as the control input signal for operating the 3-DOF
robot manipulator. Consequently, owing to the minimal inductance L, it may be
disregarded. Table (3), illustrated the mechanical and electrical characteristics of
the motor [17]. Finally, for the 3-DOF robotic arm, the complete nonlinear DM is

represented as follows:
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q1 Va, 41 42 q1
["72] =[All343 [[Vaz — B(q)3x3 [‘?1 ‘?3] —E(q)3x3 [%2 = G(@)3a
G3ds,q Vasl, d2 q3ls,, G2 321
. (26
Table (3): List of the main characteristics of the PMDC motor [17]
Description of parameters Value and units

The Motor inertia  J,, 43+ 10~* Kg.m?

The torque constant of the Motor K, 1.73Nm A1

The voltage Constant of the Motor K, 1.06 V rad1

The Winding of the Resistance R, 1.88 Q

The Winding of the inductance L, 1551073 H
Continuous stall torque T 12 Nm

Theoretical maximum torque T, 43,5 Nm

Speed reducer reduction ratio N 119

Speed reducer efficiency y 0.8

5. Proportional Integral Derived PID Controller:

PID controllers are highly effective for linear systems and are used widely in
industrial applications and robotic controllers. Nonetheless, precise PID tuning is
difficult because most systems are very complex and have certain challenges, such
as non-linearity, and time delay in response. So, this approach has some drawbacks
when the robot manipulator deals with different environments and has complexity
in DM [18].

Modification of PID parameters is the most important component of the PID
controller design, which is a crucial optimization. The PID controller can be
expressed as follows [18]:

Upig (t) = kp e (t) +ki [e(t)dt +kd é(t) .. (27)
Where: uy,;q (t):1s the control signal that will be as the final trajectory position of
the robot controller, e (t) is the error and é (t) is the rate of change in error. e (t):
is the variance between desired error and real position error, which is regarded as
the final location of the effector of the robot arm. The PID controller constants ( p
ki and kd ) can be described as: (kp): is the proportional gain and gives control
action commensurate with the error signal e (t). (ki): The purpose of the integral
term in the PID controller is to reduce the steady-state error by integrating the error
signal e (t) continuously. ( d) : is the derivative term that provides a control signal
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proportional to the change rate of error (), resulting in the damping of the output
overshoot and hence an improved transient response [18].

Figure (5) shows the global design of the PID controller. The tuning of the PID
equation can be done by minimizing the Root Mean Square Error RMSE between
the desired position (X,) and actual position (X,), as follows:

e (t) = X;(t) — X,(0) ... (28)
The tuning of the PID controller, as delineated by Equation (27), can be achieved
by minimizing the root-mean-square error between the planned joint position and
the actual joint position. To establish the upper and lower thresholds for the signal
control of the DC motor connected to the joints of the articulated robot arm, a
saturation limit has been implemented prior to DM being used to regulate the torque
limits.

=] [Xal

Robot
Manipulator

Figure (5): Global design of PID controller

6. Optimized Control of PID with Intelligent Swarm Algorithms:

Intelligence Swarm (IS) optimizing algorithm strategies significantly boost the
performance of robotic arm manipulator control. These strategies iteratively
employ random units to transform one candidate solution into a more robust one,
based on a specified fitness function. This study employs Particle Swarm
Optimization (PSO) and Social Spider Optimization (SSO) algorithms to calibrate
and improve the parameters of the proposed nonlinear control devices, aiming for
stability and resilience in the robot arm's final trajectory with minimal tracking
error.

The PSO and SSO algorithms are dependent on fitness function and performance
index.
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N _ 2
Root Mean Square Error (RMSE) = ’w ... (29)

Where: X;: is for the desired position. X, : is for the actual position. N: the number
of elements in the colony. In this work, the performance index in Equation (29) is
used to calculate the fitting of each solution in population size for both PSO and
S$S0 algorithms.

6.1 Particle Swarm Algorithm for Optimization PSO

The algorithm of Particle Swarm Optimization PSO was initially inspired by fish
schooling or bird flocks’ social behavior. The optimization concept includes using
the most effective placements of particles to direct the swarm population towards
the single optimal solution inside the solution space. The PSO method demands, at
each iteration, the modification of the particle's position and velocity towards its
Pbest and Gbest. Each particle's velocity is continuously adjusted based on its
personal optimum position, identified by the particle itself, as well as the optimal
position discovered by adjacent particles. as seen in the following equations [20,

23]:
£+1 t t t
(;,‘; ) — CD.{#(?’;-F c1 ¢, (Pbest,, ;- M;S‘;) +c, ,(Gbest,, ;- M;’;) ... (30)
(t+1) @) (t+1)
Mp,g _Mp,g, + (;;,g (31)
Where:

p : 1s for particles number. g : for dimensions number. M,:is for g- dimensional
position matrix vector as (M, , M5 ,..,M,,). {,: velocity of the particle for (,,,

3ot 5 oo Cpg)-

Pbest: best visited position for the particles. Gbest: best position explored in the
population.

@1 @,: random numbers between 0 and 1. & : inertia weight. ¢, c¢,: positive
constants.

% for iteration pointer.

Coefficients ciand c, include the qualified weight of the probabilities that
accelerate each particle in Pbest, and Gbest position. So, the minor values allow
particles to migrate before elimination from target zones. In addition, large values
result in a fast movement to, or previous to, target areas. Appropriate choice of
inertia weight (®) allows for a balance between global and local exploration, which
enables reduced aggregate iteration to find a fairly optimum solution [24]. Table (4)
illustrates the global pseudo-code for PSO.
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Table (4): Global pseudo-code for PSO algorithm
Step No.  Description

1 Generate random initial population and initial parameters
(initialization of individuals).
2 While not (The population converges towards the desired and

optimum solution or the ultimate iteration obtained) or each particle
in the whole population

For any dimension in the particle

Update the velocities of the particle by using Equation (3.41)
Update the positions of particles by using Equation (3.42)

Evaluate the value of fit( M 35;) )

If fit(MS)) < fit(Pbest,,) then (Pbest,,,) « ML
End If

If fit( M) < fit(Gbest,,) then fit(Gbest, ) « M)
10 End If

11 End For
12 Loop (Next generation)

O 0 9 NN kW

6.2 Social Spider Optimization SSO

The SSO algorithm recognizes two search agents or two sexes, male and female, in
spider webs. Each entity is equipped with a unique array of evolutionary operators,
determined by gender, which replicates various cooperative behaviors typically
observed within the colony. Social spiders create mutual web colonies, positioning
themselves in proximity to their friends, with females exceeding males by
approximately 70%. Dominant males (D_m) mate with their female neighbors
within a specific close proximity whereas non-dominant males (ND_m) remain
near other males in the network and depend on the resources available to them.
Spiders communicate using vibrations, which are affected by two critical factors:
the spider's weight and the distance between the conversing spiders. The male and
female spiders serve as the search agents, and their number can be quantified as
follows. [25]:

N; =[(0.9 —rand x 0.25) * 2V, | ...(32)
Np =N, — N ... (33)
Where:
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Np, N, and NV, Denote the total population of all spiders in the communal web,
reflecting the number of the female and the male spiders respectively. To find the
specific weight that should represent the heaviness of each spider in the population,

is calculated as follows:
__ fitnessj—worst

W; =
Where:

W; : represents the weight of the spider in the population.
i :represents the population of the web.

Np: The number of total populations.

fitness; , best and worst are objective function values.

In the common popular web, the spiders connect with each other’s by using the
vibrations Vj;, which is calculated as follows:

Vigj=W; = e % .. (35)

W; : is related to the heaviness of the spider j that transmits the vibration.

d;; : is considered as the distance of the Euclidean computed between two
interacting spiders.

The location of the female and the male spiders is modified at each iteration
(# = iteration) of the optimization algorithm using the formula as follows:

P+ aVy; (S, — %)+ BV, (5, — ) +y (rand —%) if 7 < PF
fit = aVoi(Sn = %) = BVosi(Sp — i*) +y (rand —%) if ¥ = PF

For 0 <i < MV

best—worst - p

... (34)

f+1_
i

.. (36)

Where: a, §,and y are considered as random numbers, that are between [ 0 or 1].
PF is regarded as the threshold of probability factor that is matched with all the
randomly produced numbers, while the spiders will be travelled in the space. So,
the transition is randomly regulated by the PF factor of likelihood and the motion
is generated in relation with the other spiders depending on their vibration through
the space of search. In the optimization procedure the male spider mﬁ’“r1 , will be
operated as shown in the following equation:

f+1_
mT =
meE+ aVe; (8 — mf)+y (rand—%) if mf> D,
Nm _ % (37)
m{‘+a(§h~'ﬁ?‘ﬂ—m{‘) if mf < ND,,
Zpiz1 Wh
Where:
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m;
m 1
Zhi=1wh

web population,

The dominant males, as described earlier, will mate with the females in the mating

range, which is given as follows:
_ S " o)

— ... (38)

Where: pﬁhig " and pﬁl"w are assumed to be as the higher and lower initial limits.
[25, 26]. Table (5) illustrates the pseudo-code for the SSO algorithm as follows:

sNm nwy, 2). . . .
bzt - 1s considered as the weighted average of the male spider in the

m

Table (5): Pseudo-code for SSO algorithm
Step No. Description

Assign the value of the initial parameters, of SSO algorithm
Create the population of spiders and assign memory for them
Initial the first position for both male spider and female spider
Counting the 4 iterations in the population ( V,)

While i < WV,

Calculate the mating radius for both female and male spiders as in
Equation (3.49)

Calculating the spiders’ weight as in Equation (3.45)

Calculate the passage of the female and the male spider’s dependent
on mutual the female and the male operators as shown in Equation
(3.47) and (3.48)

9 Conduct mating between dominant males and females

10 Update solutions if there are heavier spider progenies
11 End of the loop

AN DN B~ W=

[olEN|

7. Circular Path Optimization PID Controller Simulation Outcomes Based on
PSO and SSO Algorithms

This section presents the design of the Simulink diagram for the proposed
controller. This illustrates the simulation of a 3-DOF robot manipulator for the
control of the robot's joints. Additionally, the simulation results and analysis for the
suggested controller, together with its optimization methodologies and
characterization, are presented. The PID controller is derived from the
mathematical model, which regulates the DM of the 3-DOF robot to achieve a stable
response with precise final positioning at the end-effector. There are nine PID
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parameter values for the three joint controllers, with an initial value designated for

each. Table (6) delineates the values of the fundamental parameters for non-optimal

PID settings, which will serve as a benchmark to enhance controller performance.
Table6: Values of basic parameters for a PID controller that is not ideal

Number of linked
Parameters in PID L4 L, L,
K, 10 10 10
K; 3 3 3
K, 5 5 5

The simulations utilized MATLAB/Simulink, following to the equations governing
circular trajectories for Py, P,), as demonstrated:

Py = x. + r cos (wt) ... (39)
P, =y, + 7 sin (wt) ... (40)
Where: r = 0.05 (m) it is the radius of the circular. w = % (Rad/S), which is the

angular frequency, and, x, = y. = 0.45 (m) is the center of the initial point.

The PSO method utilizes X (desire) as a reference and evaluates each particle in
X (actual) by calculating the Root Mean Square Error (RMSE) between them until
it attains the optimal fitness function with the minimal RMSE. The performance of
the suggested PID controller, based on the PSO algorithm, was examined, with the
PSO algorithm parameters detailed in Table7.

Table (7): Configuration of parameters for the PSO algorithm
Intelligent swarm optimization algorithm PSO Selected parameters

No. of birds 20
No. of iterations 100
Inertia weight factor (P) 0.5
Positive constants (¢4 ¢,) 2

Figure (6) displays the iterative process of PSO algorithms along with the target
function and Root Mean Square Error (RMSE). It is evident that the PSO method
iteratively approaches the ideal parameter value with the best fitness = 3.7930e 3
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Figure (6): Reiteration and objective function for PSO algorithm
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Figure 7-a: Circular trajectory tracking with PID and PID/PSO in (X-Y) plane
Figure 7-b: Trajectory tracking performance for the 3-DOF robot of 3D- helical
loop trajectory using PID, and PID/PSO algorithm

Figure (7-a) illustrates the trajectory tracking efficacy of the 3-DOF robot
manipulator utilizing a non-optimal PID controller, in comparison to the PID/PSO
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algorithm for circular trajectory tracking. Figure (7-b) illustrates the trajectory
tracking efficacy of the 3-DOF robot manipulator executing a three-dimensional
helical loop trajectory utilizing both PID and PID/PSO algorithms. Equationno. 41,
show the procedure to calculate the Z-dimension in the trajectory.

P, = 0.5+ 0.003¢t ... (41
Table (8) presents a comparison of the non-optimal PID techniques with the
optimization algorithm PID-PSO, highlighting the performance criteria of RMSE
across the three Cartesian spaces.

Table (8): Performance index for non-optimal PID, and PID/PSO with
RMSE method in X-Position, Y-Position, and Z-Position

Non- optimal PID Optimal PID/PSO
X-axis 0.0110 0.0059
Y-axis 0.0122 0.0014
Z-axis 0.0113 0.0007436
Total RMSE 0.0345 0.0080436

Case 2: Finding the Optimal PID using the SSO Algorithm in Simulation

To assess the efficacy of the suggested PID controllers, derived from the SSO
algorithm, the fundamental parameters of the SSO algorithm were modified as
depicted in Table 9:

Table (9): Basic parameters used in the SSO algorithm
Initial parameters for social spider algorithm SSO Selected parameters

Spider No. 20
Iteration 100
random number [, 8, 7] 1
PF parameter 0.7
Upper female per cent 0.9
Lower female per cent 0.65

Table (10) illustrate the optimal parameters for PID with SSO algorithm
respectively, as follows:
Table (10): Optimal parameters for PID controller with SSO algorithm
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Link number

Parameters Ly L, Ls
K, 105.2872  19.0765 201.6369
K; 140.4973  136.4403 231.3952
Ky 3.9759 0.2470 49.4850

Figure (8) illustrates the iteration of SSO algorithms, displaying the Root Mean
Square Error and objective function, indicating that SSO iteratively progresses until
it attains the optimal parameter values, with the best fitness = 1.7270 e ™%,

= RMSE with S50

Best Fitness with S50 (RMSE)

o 10 20 a0 40 s0 &0 kL] an =] 100
lteration

Figure (8): Reiteration and objective purpose for SSO algorithm

Figure (9-a) illustrates the rate of actual circular trajectory tracking error in
Cartesian space for the three degrees of freedom (3-DOF) robot across joints one,
two, and three. Figure (9-b) illustrates the trajectory tracking efficacy of the 3-DOF

robot manipulator following a 3D helical loop trajectory, employing both PID and
PID/SSO algorithms
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_Figure 9-a: Circular trajectory tracking with PID, and PID/SSO in planFigure 9-b:
Trajectory tracking performance for the 3-DOF robot with 3D- helical loop
trajectory using PID, and PID/SSO algorithm

Case 3: Simulation results of PID/PSO and PID/SSO algorithms

A comparative analysis will be performed between the PID/PSO and PID/SSO
algorithms utilized in this work to optimize the settings of the PID controller. The
results of each algorithm are shown in Figure (10-a), which uses circular trajectories
with PID/PSO and PID/SSO. Figure (10-b) depicts the trajectory tracking efficacy
of the 3-DOF robot in three dimensions for the helical loop trajectory employing
PID/PSO and PID/SSO algorithms. PID/SSO exhibits superior stability and
convergence relative to PID/PSO.
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Figure 10-a: Circular trajectory tracking with PID/PSO, and PID/SSO in two
planes. Figure 10-b: Trajectory tracking performance for the 3-DOF robot
with 3D- of the helical trajectory using PID/PSO, and PID/SSO algorithm

The performance index calculates the quality and fitness function of the proposed
controllers. Table (11) presents a comparison of PID/PSO techniques with the
optimization algorithm and the PID/SSO algorithm, illustrating the performance
criteria of RMSE across the three Cartesian spaces.

Table 11. presents the Performance Index for non-optimal PID and PID/SSO
utilizing the RMSE method across X-Position, Y-Position, and Z-Position.
RMSE in PID/PSO (m) RMSE in PID/SSO (m)

X-axis 0.0059 0.0055
Y-axis 0.0014 0.0012
Z-axis 0.00074362 0.0006979
Total RMSE 0.00804362 0.0073979

8. Discussion the result:

The comparative analysis of the two control strategies, PID-PSO and PID-SSO,
indicates that both approaches significantly enhance the performance of the
conventional PID controller by reducing steady-state error and improving transient
response. Nevertheless, the PID-SSO consistently outperformed the PID-PSO in
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terms of overall system stability, faster settling time, and reduced oscillatory
behavior. Accordingly, the PID-SSO can be regarded as a more robust and reliable
optimization technique, making it a more suitable choice for practical
implementations that demand high accuracy and long-term stability, as shown in
Table 11. Where the total RMSE is 0.0073979, with the best fitness=1.7270 e~*.

9. Conclusions

This study presents a 3-DOF manipulator robot, which enhances safety and

efficiency across several applications. The primary problem for a robotics

researcher is achieving optimal control of the robot manipulator with sufficient

overall efficiency. This work allows for several conclusions on the control of the 3-

DOF robot, as follows:

1. This study presents an ideal methodology and aresilient control strategy utilizing
Proportional Integral Derived PID, along with two innovative Intelligent Swarm
Algorithms: Social Spider Optimization (SSO) and Particle Swarm Optimization
(PSO).

2. The evolutionary algorithms of SSO and PSO have been employed to ascertain
optimal parameter values for the proposed controller, ensuring trajectory
stability under diverse conditions affecting the Cartesian coordinates of the robot
manipulator's end effector, with nine parameters optimized for the PID.

3. The simulation results illustrate the effectiveness of the proposed tuning method,
exhibiting a high degree of stability and superior implementation for the 3-DOF
robot. Notably, the PID/SSO approach yielded the most favorable outcomes in
the circular and square trajectory responses, particularly in steady-state
conditions, with a high RMSE of 0.0073979.
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