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Abstract: Software-controlled robots are the most common type of robotic arms, and their integration is critical to the progress of
industries. In this study article, a robotic arm is created using SolidWorks and then its hardware implementation is finished following
virtual inspection. Using techniques for higher-order system control such as Genetic Algorithm (GA), Ziegler-Nichols (Z-N), Ant Colony
Optimisation (ACO), and Particle Swarm Optimisation (PSO), the movement and design of the DC servo motor's PID controller are
accomplished through PID tuning. In particular, the Genetic Algorithm (GA) is used to improve robotic arm control. MATLAB Simulink
simulates the software-based control of the robotic arm and offers a graphical user interface with easily navigable settings. This paper
describes in detail how the robotic arm was created step by step and how its hardware and software were implemented. Additionally,
Arduino hardware is used for data collecting and control system assessment when observing and evaluating the robotic arm's output

features. A range of input variables are tested using the robotic arm.
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1. Introduction —

Robotics technology, with its great performance and
efficiency, provides many benefits for industrial systems.
Many studies and applications of control theory have
surfaced in recent years, with a special emphasis on
robotic system control. Nowadays, robots are used in
educational, medical, and industrial contexts. One of the
most common types of robots is the manipulator. This
topic is fascinating, particularly when robots are being
used in difficult, hostile settings where it is prohibitive for
humans to access. For example, working in areas such as
nuclear or chemical reactors presents serious risks to
human life; nevertheless, using robots reduces these risks
while preserving operational effectiveness [1]. Analyzing
and comprehending the dynamic responses of DC servo
motors employed as actuators in robot manipulators,
along with exploring control methodologies, is imperative
for ensuring precise and seamless motion of robotic arm
models. Certain references suggest that Genetic
Algorithms (GA) exhibit minimal overshoot and
enhanced stability in comparison to PID controllers [2].

The aim of the simulation of an uncharged spindle in a
direct current (DC) motor is to approximate the real
system's behaviour in the absence of external charging [3].
A simulation that closely mimics the features of an actual
DC servo motor is the goal [3-5]. In MATLAB's Single
Input, Single Output (SISO) design tool, the stability
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response of systems is analyzed. The root locus approach
is employed to generate a Proportional-Integral-
Derivative (PID) controller, and the system's stability is
assessed in the process [4-7]. The essential structure of a
Fuzzy Logic Controller (FLC) consists of fuzzification,
knowledge base, decision-making, and defuzzification
units [7, 8]. There are two inputs and one output in a fuzzy
inference system (FIS). Error (E) and Delta Error (DE)
make up the inputs [9]. Humans should work on
enhancing and refining control techniques for industrial
robot manipulators to manage and optimize plant
performance. This can ultimately replace human
involvement in risky, challenging, and monotonous tasks
within hazardous environments [10]. The dynamic
characteristics of robot manipulators involve the
identification of nonlinearities and external input
elements, such as friction, load variations, and
disturbances [11]. The PID controller is a very powerful
control tool in the field of industrial automation because
of its resilience and simplicity [12]. Achieving precise
control of a robotic arm, as exemplified by Mohammed
Hussein, has posed significant challenges in recent times.
The nonlinearity inherent in robot manipulators often
renders the conventional PID controller inadequate for
achieving the necessary tracking control performance [13-
14]. Researchers were inspired to develop the network that
combines a PID controller and a fuzzy logic controller
[14-16]. Improved dependability and shorter computation
times were the main draws of using the Differential
Evaluation  Algorithm  [17], Bacterial Foraging
Optimisation Algorithm [18], Gravitational Search
Algorithm [19], Simulated Annealing [20], Artificial
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Immune System [21], Artificial Bee Colony Optimisation
[22], African Buffalo Optimisation [23], Ant Colony
Optimisation (ACO) [24], and Bat Algorithm [25].
Notably, in addition to a PID controller, the network itself
included a fuzzy logic controller [26].

2. Methodology

There are two main ways that this research contributes.
Firstly, the optimizer design tool in Matlab is used to
create a PID controller for a higher-order system. Second,
the same system is used to execute multiple computer
algorithmsant colony optimisations (ACO), Zigler
Nichols (Z-N), and particle swarm optimisation (PSO).
The PID controller (GA) is adjusted with the help of a
genetic algorithm. The response system is utilised to
compare the automatic tuning of the PID controller with a
suggested fuzzy logic controller, thereby illustrating
simulation findings for higher-order systems. The
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structure of the paper is as follows: While Section Il
provides more detail on the arm robot manipulator model,
Section Il provides information on the design and
significance of the DC servo motor's transfer function. In
Section V, several computational strategies are used to
produce the tuning for the DC servo motor using
MATLAB/Simulink. The PID controller for the DC servo
motor is explained in Section IV.

1.1 Robotic Arm Manipulator Model

Fig.1 demonstrates the effectiveness of the PID controller
in achieving precise tracking through simulation on a
model of a robotic arm manipulator. The model represents
the experimental configuration of a research-scale arm
robot manipulator with four degrees of freedom, as
depicted in Fig. 1. Furthermore, Fig.2 illustrates the
integral role of Arduino in the arm robot manipulator
model, outlining its schematic connection to all DC motor
points and electrical components.

Arduino Uno

Servo motors

Fig.2 Schematic Representation of Wire Connections and Electronic Hardware (Arduino)

3. Dc Servo Motor Description

DC servo motors are the preferred choice for achieving
wide-range speed control in various applications where

variable speeds are required. In the simulation, the model
of the DC servo motor is depicted in Figure 3. Table 1
provides a comprehensive list of the motor's parameters,
nomenclature, and corresponding values. [6]
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Fig.3 Schematic Configuration of the DC Servo Motor [6]

Table 1 DC Servo Motor Parameters, Nomenclature, and Corresponding Values [25]

Parameter Symb | Value
ol
Moment of Inertia | Jm 0.000052kg.m2
Friction coefficient| B, 0.01N.ms
Back EMFconstant | K, 0.235V /rad.s — 1
Torque constant K, 0.235Nm/A
Electric resistance a 20hm
Electric endurance| L, 0.23H
The goal of modeling a DC servo motor is to emulate the transfer function of the DC servo motor specifically for
behavior of the actual motor as accurately as possible. By position regulation. Fig. 4 illustrates the block diagram of
considering the relevant parameters [1], one can derive the a DC servo motor, including the load torque value. [5]
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Fig.4 Block diagram of a DC servo motor

3.0 PID Controller Design

A PID controller is under development for a higher-order
system described by the transfer function equation (1).
Prior to initiating the simulation and implementation of
the PID controller, utilize MATLAB's SISO design tool to
create the PID controller design. Subsequently, perform a
Root Locus (R-H) study on the stability response of the

system [4-7]. The design architecture for the automatic
PID tuning tool in MATLAB was implemented using
Simulink.

Fi5(s) _

fref(s)

HMH(Kgps+Kg) (RRs+KR)

(Kgas?+Kgps+Kgi)(Ips3 +Rplgs? +KRIRS)+HH(Kgps+KgI) (RRs+KR)

M

Table 2 Parameters of Various Tuning Methods

GA parameters

ACO parameters

PSO parameters

Population size-300

Population size-100

Population size-100
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Mutation rate-0.01

No. of ants=50

Wmax=0.6

Arithmetic
crossover

No of path=20

Wmin=0.1

Iteration:100

Iteration:100

Iteration:100

Table 3 Comparative Performance of Zigler-Nichols, Genetic Algorithm, Ant Colony Optimization, and Particle Swarm

Optimization Methods

characteristics | Z-N GA ACO PSO
SETTING 0.775 | 0.000414 | 0.33 0.272
TIME

Rise time(sec) 0.101 | 0.000042 | 0.0358 | 0.0474
%overshoot 38 6 24 16
PID 0.39 | 4.47*%10- | 0.002 0.47
Proportional 7

coefficient(Kp)

Integral 210 484.49 321 426
coefficient(Ki)

Derivative 32 0.4499 1.46 1.32
coefficient (Kd)

Fig. 5 and Table 3 present a comparative analysis of PID
parameter tuning using genetic algorithm (GA), Ziegler-
Nichols (Z-N), ant colony optimization (ACO), and
particle swarm optimization (PSO) [27]. Each technique

employs an equal number of populations. The MATLAB
code aligns with the methodology illustrated in Figure 5
for the tuning process. Among all the strategies, the
Genetic Algorithm demonstrates superior results.
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Fig. 5 Optimization of PID Controller Parameters using Various Methods and Comparative Analysis of GA/Z-N/ACO/PSO

Design a higher-order system with a transfer function
equation (1) and develop a PID controller using
MATLAB's Simulink design tool. Before simulating and
implementing the PID controller, investigate the stability

response systems using the Root Locus-Hearts approach
(R-H approach). Utilize Simulink optimization techniques
as the basis for the design tool to automatically tune the
PID controller in MATLAB.
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Fig.6 PID Controller Simulation for Robotic Arm in Simulink

Following the development and analysis of the PID
controller response, Fig. 6 demonstrates the utilization of
the Simulink model of the PID controller on Arduino.
Using the Simulink Support Package for Arduino
Hardware and integrating a potentiometer are part of this
integration [29]. The computer language Simulink makes
it possible to simulate complex systems. Fig. 9 shows the
PID controller's implementation result according to the
Simulink model.

3.1 Simulation and Experimentation

In this scenario, a simulated robotic model was developed
using Simulink, a software environment created by
MathWorks Inc. This model served to validate dynamic
computations and simulate the motion of robotic devices
under the influence of a PID controller, which stands for
Proportional-Integral-Derivative controller. The PID
controller parameters were determined using Genetic
Algorithm (GA) tuning.

Fig. 7(a) shows how the single-arm manipulator model
was created in SolidWorks, a popular 3D modelling
programme, and then simulated in MATLAB using
Simulink. When the model was run in MATLAB
Simulink, it showed unconstrained mobility. Using the
GA-derived parameters, the PID tool in Simulink was
used to control each rotational joint (DC motor). This
allowed the model to stabilise quickly, which is consistent
with the GA method.

The response of the DC motor for all joints, including the
base, elbow, and shoulder, is illustrated in Fig.10 and
aligns well with the PID results obtained through the
Hybrid controller's mathematical methods. Table 4
displays the stable configuration of the model. This
underscores that the simulated model faithfully

reproduces the behavior of real-world robotic devices
when subjected to closed-loop control commands of joint
torques using a PID controller. The geometric, dynamic
parameters, and coordinate system are depicted in Fig.
7(b).

Fig. 7(a) SolidWorks model of single-arm with PID for MATLAB simulation

Fig. 7(b) Coordinate Frame assignment of the robotic manipulator each joint
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The PID parameters, obtained through the Genetic
Algorithm (GA) tuning method, were applied to simulate
a single-arm manipulator model created in SolidWorks
and implemented in MATLAB Simulink, as illustrated in
Fig.7. The model, consisting of rotating joints driven by
DC motors, demonstrated smooth movement during
simulation in MATLAB Simulink. The PID controller,
integrated with each rotating joint, effectively utilized the
GA-derived parameters listed in Table 2. The simulation
results revealed that the model achieved stability within a
short time frame, aligning with the efficiency of the GA
technique. The stable configuration of the model is
detailed in Table 4. The DC motor responses for the base,
elbow, and shoulder joints, as depicted in Fig. 7(a),
exhibited excellent agreement with the PID results derived
from the mathematical approach of the Hybrid controller.

4. Results and Discussion

Using the parameters listed in Table 4, a simulation was
conducted for a three-degree-of-freedom robotic
manipulatorA three-degree-of-freedom (3-DOF) robotic
manipulator's PID controller parameters were selected by
experimenting with several high-gain values in a trial-and-
error manner. Using high gains of 3 and 4 was shown to
cause a protracted 30-second oscillation of the robot's tip
during simulations. Conversely, using a high gain of 1
produced an oscillation that lasted for 7 seconds at first,
and then there was a slow convergence towards the target
trajectory value. The PID controller parameters were
determined using different methods, including Ziegler-
Nichols (Z-N), Genetic Algorithm (GA), Particle Swarm
Optimization (PSO), and Ant Colony Optimization
(ACO). Among these methods, the GA approach yielded
the most favorable results for the system, with specific
parameter values detailed in Table 3. Various gain values,
ranging from py=1 to 10, were tested in conjunction with

different methods for PID controller parameter tuning.
Interestingly, the Genetic Algorithm (GA) method
produced the most favorable results specifically at pq=1.
In contrast, the alternative methods and their respective
parameterizations did not yield outcomes as promising as
those achieved with the GA method at pn=1. Fig.5
provides a visual representation of the simulation results
obtained using these different methods.

5. Experimentation

After fine-tuning the PID controller parameters and
validating the system changes through simulation, the PID
controller is implemented in the hardware system. This
controller assesses the output voltage against the input
voltage by utilizing the current motor position obtained
through the Arduino card's voltage reading from the
output potentiometer. Upon setting the desired position,
the PID controller generates a PWM control signal to
drive the motor to the specified position. The PID
controller retrieves the motor's current position as a
voltage reading from the output potentiometer, enabling
comparison with the expected direction of motor rotation
influenced by the PID algorithm's control signal.

5.1 Control of robotic arm using Arduino

To enhance our comprehension of the system and its
response, we can establish communication between
MATLAB and ARDUINO via the USB port. MATLAB
will employ inverse kinematics to calculate the joint
angles based on the input values provided in the Graphical
User Interface (GUI). Subsequently, these angles will be
transmitted to ARDUINO, which will instruct the
hardware to move correspondingly. Initially, to manage
the robotic arm, ARDUINO will be utilized before
implementing the PID controller. The diagram of the
robotic arm's constructed model is illustrated in Fig.8.

Fig. 8 Hardware setup (Experimental Setup) of control of the single-arm robot using Arduino Uno

5.2 Simulation Results

A simulation involving a three-degree-of-freedom (3-
DOF) robotic manipulator was conducted, utilizing the
parameters outlined in Table 3. The selection of PID
controller parameters was accomplished through a trial-
and-error approach, with different high gain values
considered. During these simulations, the reference
velocity for the robot's tip was determined based on its
movement.

Notably, when high gains of 3 and 4 were employed, the
robot's tip exhibited oscillations for a prolonged period of
30 seconds. In contrast, when a high gain value of 1 was
used, the robot's tip initially oscillated for 5 seconds but
subsequently reduced its oscillations, eventually closely
aligning with the desired trajectory. The results of these
simulations, with PID parameters fine-tuned using the
Genetic Algorithm (GA) in MATLAB, are depicted in
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Fig.9, showcasing the joint trajectory of the robotic
manipulator.

The simulation involved a three-degree-of-freedom (3-
DOF) robotic manipulator, utilizing parameters from
Table 4. PID controller parameters were determined
through various methods for different high gain values
(uH) such as Ziegler-Nichols (Z-N), Genetic Algorithm
(GA), Particle Swarm Optimization (PSO), and Ant
Colony Optimization (ACO). It was observed that among
these methods, the GA approach produced the best results,
particularly at py=1. Other methods and gain values did
not perform as well as the GA method at uy=1.

The experimental results, illustrated in Fig.10, depict the
trajectory followed by the robot manipulator's tip.
Initially, a manipulator trajectory plot was generated using

NOP-10,NOL-10

a random number generator. Subsequently, the PID
parameters were implemented on an Arduino, and the
program was executed. Minor errors were observed, with
the PID controller demonstrating a shorter rise time
compared to other controllers. However, during the
transient phase, it exhibited oscillatory behavior and a
relatively large steady-state error. These oscillations
resulted in a high overshoot of 9.1%, affecting system
performance.

One could argue that the PID controller is suitable for
precisely controlling the movement of the robotic arm
manipulator model. Nonetheless, the results suggest that
the GA technique is a superior choice when implementing
a PID controller for this application.

“a

Fig.9 Joint response with PID controller simulation
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Fig. 10 Experimental end effector movement results with PID controller

6. Conclusion:

In this study, we have presented an advanced control
design for achieving precise and smooth control of an arm
robot manipulator model. By employing the Root-Locus
(R-H) criterion, we have demonstrated the potential for
enhanced control performance, robustness, and overall
system stability. The application of the R-H criterion has
yielded benefits such as quicker response times, reduced
overshoot, and improved controller stability. Analyzing
the temporal response parameters, it is evident that the

PID controller, while exhibiting a shorter rise time
compared to other controllers, experiences significant
oscillations during the transient phase, leading to a
substantial  steady-state error. This behavior is
accompanied by a notable 9.1 percent overshoot, which
adversely impacts the overall system performance.
Nevertheless, it can be argued that the PID controller is
suitable for achieving precise control of the arm robot
manipulator model. The study results strongly advocate
for the Genetic Algorithm (GA) technique as the preferred
method for implementing the PID controller in this
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context. he accomplishment of the robotic arm project,
which entailed the incorporation of a PID controller based
on Arduino Uno, host software, and DC motors controlled
by a potentiometer, underscores the necessity for the
careful design, implementation, and programming of both
hardware and software components in the construction of
robotic systems.
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