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This study aims to develop a control system for a robot arm, designed to
perform precise movements along a predefined path, suitable for various
industrial applications. The robot arm’'s movements are driven by three
electric motors, each responsible for controlling a joint, enabling the arm
to follow the required path accurately. To manage the complexity of
multiple motors and dynamic movement requirements, an automated
control system has been developed, tailored to meet the specific demands
of the proposed task. A highly efficient, reliable, and safe control system
design is being developed and simulated to evaluate its effectiveness in
executing the required path. A simulation model is being constructed to
assess the system's ability to follow the prescribed path, its responsiveness
to disturbances and transient conditions, and the overall accuracy of the
arm's movements. Simulation results will be analyzed to determine the
system's performance across various scenarios, evaluating its adaptability
to the work environment and its ability to achieve tasks with high accuracy,

thereby enhancing system effectiveness.

This is an open-access article under the CC-BY-SA license.

1. Introduction

Avrticulated robots have garnered significant attention for their flexibility, versatility, and wide
range of motion, thanks to their multiple articulated axes. These characteristics make them invaluable
in various industrial, medical, and other applications. In designing and controlling robotic motion, it's
essential to transform the motion from the joint kinematic domain to the Cartesian domain. There are
two types of motion: Forward kinematics and reverse kinematics. In forward kinematics, the robot is
guided toward a desired goal by adjusting the joint angles to achieve smooth and coordinated
movement. Inverse kinematics, on the other hand, involves computing the joint configurations
necessary to achieve specific workspace coordinates [1]-[3]. This process is crucial for various
robotics tasks, including path-following, object manipulation, and precise scene observation. Due to
its extreme importance, inverse kinematics has been studied extensively, with many techniques
available to solve it quickly and reliably [4]-[6]. Robotic systems are utilized in a wide range of
applications, from industrial and agricultural to domestic, military, and healthcare settings. Robotic
systems are one of the systems that can be relied upon to perform any suitable function in many
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different fields and applications. The robot arm is central to executing most of the tasks assigned to a
robotic system, following a predetermined path designed to accomplish specific objectives [7]-[9].
Control systems are critical components that enhance performance and mitigate disturbances in
robotic systems. The robot performs most of the tasks that can be done [10]-[12]. Robots alleviate
human fatigue, save time and effort, and enhance performance and productivity in industrial settings.
Robots can also be employed to perform tasks that are dangerous to humans, such as military
applications such as removing mines and rubble in dangerous places as a result of disasters and others
[13]-[15]. Robot movement is driven by electric motors, which provide the necessary mechanical
power to perform various tasks [16]-[18]. To ensure proper functioning, electric motors require a
control unit and sensors that provide feedback, continuously updating system information. Modern
control techniques, such as Pulse Width Modulation (PWM), along with traditional Proportional,
Integral and Derivative (PID), expert, or intelligent controllers, are employed to optimize motor
performance and enhance system efficiency [19]-[21].

The research contribution of this study is to develop a control system for an articulated robotic
arm by simulating this arm using MATLAB to perform precise movements based on the PID
controller proposed in this research to perform precise movements along a predefined path, suitable
for various industrial applications.

2. Modeling of Direct Current Motor (DCM) for Robotic Arm System

The electric motor system can be modeled and represented for various applications including
industrial applications such as robotics. The motor simulation model can be constructed by looking at
the schematic showing the DC motor (DCM) as shown in Fig. 1 and also by the DCM block diagram
shown in Fig. 2. It is usually used because it has many advantages such as fast response, energy
efficiency, lower noise, low moment of inertia ratio, small size, high accuracy, low manufacturing
cost, high torque when working, fast change of rotation direction, and bearing any instant fixed
position in the robotic mechanism [22]. By representing the electrical and mechanical aspects of the
motor, the transfer function can be written in the following formula [23]:

O K;

- M)

V, s(Lss + R)(ms + Bm) + KKps

Where the symbols are represented by the following Table 1:

Table 1. Symbols of DCM parameters [24]

Criterion Symbols
Armature resistance Ra
Armature inductance La

Moment of inertia Jm
Friction coefficient Bm

Torque constant KT
Back emf constant KB

Fig. 1. DCM diagrams
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Fig. 2. Representation a DCM block diagram

The equation of transfer function for the system can be represented by [1]:

6 = 0.072767z o
S = 2 13507532 + 0423020

) 0.0659852

G = 3
() = 2771350992, 0416566 @)
A 0.0599747

Ge(s) = (4)

z? —1.360473z + 0.420346

This study transforms the z-domain into the s-domain because the application of the s-domain
concept is ideal for the analysis of systems with transient responses of linear systems that are not
affected by time. The output signals appear linear with the input signals. These systems are necessarily
dynamic and are mostly subject to second-order differential equations. Almost all real systems
encountered by LTIS control systems are modeled to simplify the problem. To facilitate the
calculations, the equations developed in this way are solved by a suitable processing program such as
MATLAB. Where the new equation in s-domain can be written:

0.3899 s +9.033

_ 5
€T 52186675+ 04203 ©)
04719 s + 10.85
c= (6)
s2+8393s + 12.13
0.39s + 9.034
Hc (7)

~s2+8667s + 9.019

The system can be represented mathematically by identifying the components of the system and
placing appropriate symbols on them. The system is represented dynamically by determining the
angles at which the robot arm moves, and the length of the ulna and the length of the arm are
determined, in addition to determining their mass. The symbol (0) can be used for the angle, and the
symbol for the change can be written with the letter (i), so the first component of the system can be
written with the symbol (61). In the same way, the rest of the components can be written to include the
mass and the arm, respectively, with the symbols (li and mi).

Mathematical equations are written to represent the system through the behavior expected to
perform most natural functions, and include the kinetic energy and moments necessary for the
movement of the joints, to include the moment of movement of the arm and its kinetic energy.

The paths can be determined by setting the coordinates and angles of joint movement. For
example, the position of the outstretched arm attached to the body is aligned along the negative y-
axis, and the angle is considered zero since it is in a state of immobility, as in position One. Another
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example of the arm is at shoulder level, extended to the right or left side, i.e. the arms. Therefore, it
can be said that the arm is placed at a ninety angle from its previous state attached to the body. The
first and second examples represent a model of two paths that were in motion for the entire arm, while
there are cases in which the movement and angles of the two joints differ, as in positions Three. And
four and five. In the two positions, we notice a ninety-ninth angle between the ulha and the arm, and
another angle that is acute, that is, less than ninety, or obtuse, that is, greater than ninety and less than
one hundred and eighty [22]-[24]. Example of a position of the arm attached to the body can be
considered on the negative y-axis shown in Fig. 3.

DN PNPNE PPN\

Fig. 3. Example of a position of the arm attached to the body can be considered on the negative y-axis

The mathematical representation of the kinematics can be found simply for two link robot arms
through equations (1) and (2), which represent the equations of kinematics for the first and second
axes, respectively. This gives the final position of the fingertip along the x- and y-axes.

Y = Llsinf1 + L2si(61 + 62) (8)
X = Llcosf1 + L2 co(61 + 62) 9)
Where L1 and L2 they represent the length of the link as shown in Fig. 4.

o1

Fig. 4. two link arm robots [25]

The other method, the inverse kinematics, is the most commonly used, as it gives results based
on the values of the position inputs. It can be represented mathematically by equations (3) and (4)
[25].
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Many laboratories and production companies rely on robotic systems for some functions, which
depend on the movement of the robot arm. To determine the required movement and ensure the
appropriate path, this requires working to simulate these systems based on dynamic theory, as well as
describing and analyzing the movement system of the robot arm through the correctness and accuracy
of its movement path. Simulation can be performed after building the appropriate mathematical model
for the robot arm and adopting the laws that control the position of the arm and its appropriate
movement. The appropriate design can be developed after conducting tests for the proposed model,
achieving the required path with high accuracy, system efficiency, speed of response, overcoming
disturbances, stability of the system under different operating conditions, and overcoming transient
conditions [26]-[28].

Simulation of any system helps in developing the appropriate design. Simulation requires
building a model. Building the model depends on mathematical representation. Any system can be
represented mathematically using mathematical relationships that connect its parts. The human arm
performs functions through its movement. The visual arm moves with the help of the muscular system
of the skeletal system, and the arm can rotate at different angles depending on the function. A model
of a robotic arm can be developed to mimic the human arm. Motor systems depend on the laws of
movement with the position of the arm controlled according to the function [29]-[32].

The theory of dynamic examples. For every function there is a suitable path. The arm must be
designed to follow this path in the correct manner, which requires building and designing a model and
conducting tests that verify the model’s effectiveness in performing with high precision and efficiency

[33]-[36].

Requirements for building a simulation model: creating a dynamic model that simulates the
human arm. Build a path that fits the job that fits this model. Simulating the exoskeleton with a metal
structure. Determine the structure's movement model by employing a machine that provides the
required movement using the electric motor. Multiple sources of movement mean multiple machines,
i.e. electric motors. Developing the appropriate algorithm for the path of movement of the arm,
specifying the angles of each machine or motor, updating them with the change of time, and modifying
the movement of the arm according to the path drawn to complete the required function. It is also
necessary to conduct appropriate analysis for each simulation process according to different tests and
different operating conditions [37]-[40].

3. Simulation Models and Results of DCM for Robotic Arm System

The current simulation involves building a model of a robot arm joint that moves with the help
of an electric motor. The joint can move at a certain angle and then return to its previous position,
which is a proposed test case. The joint can also perform two or three movements, which are other
proposed test cases. The tests included simulating the movement of a joint using a simulation model
that is selected with a reference signal with a unit value as a per-unit system. After verifying the
usability of the model, a position with an angle of 60 degrees was chosen in a single-motion test. Two
movements were chosen for a second test case using reference angles for two positions with angles of
60 degrees and 80 degrees in a test for more than one movement. Third, a test case for several
movements and positions represented by angles of 40 degrees, 60 degrees, and 20 degrees. The
simulation was conducted to verify the effectiveness of the system and to know the behavior of the
system in different system cases, including the open-loop system, the closed-loop system without any
control unit, and finally the closed-loop system with a traditional control unit. The results of the system
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indicate the possibility of improving performance through traditional measurement criteria, which
represent the response speed in the time of stability, transient, ascent, overshoot, and undershoot. The
progress in modern technology includes many fields, some of which are related to robotics and its
various applications, including medical applications that care for stroke patients. Health institutions
and companies interested in this field can be helped by developing studies on these systems and
working on designing advanced models with high reliability, safety and high efficiency. Open loop
system simulation models, the first test case according to the unit system, the reference value for the
angle at which the joint moves to a position with an angle of reference value of 1. The value is modified
to the angle in degrees in the second test. While in other tests, it is suggested to move the arm to more
than one position at different angles, including three suggestions represented by a movement at an
angle of 60 degrees and returning to the previous position at an angle of zero. After that, two cases
were tested for five equal periods of time at positions of different angles, as 40 degrees, 60 degrees,
20 degrees, and 80 degrees were suggested in addition to an angle of 0 degrees. In this section there
are two parts, modeling of DCM and system results:

3.1. Simulation Models of DCM for Robotic Arm System

In this section there are three cases, Open-Loop System, Closed-Loop System without Controller
and Closed-Loop System with Controller [41]-[53].

3.1.1. Open-Loop System

The first stage of testing the system using the DCM simulation model for the open loop system:
In which a system is built and designed through which a basic performance of the system behavior is
created in a state without feedback control. The system model can be displayed as in Fig. 5, Fig. 6,
Fig. 7 and represents the block model and the MATLAB m file implementation model of the system.

i

0.4724s + 10.86 D
5% +8.393s + 12.13
— Open Loop
Position T.F of Ropotic Arm

Fig. 5. Open loop simulation model of robot arm system with one position at different angles

I—L ]

- > > 0.4724s + 10.86
Position g + s +8.393s5 + 12.13 ooen L
N pen Loop
L[ T.F of Ropotic Arm
Position1

Fig. 6. Open loop simulation model of robot arm system with positions of an angle of 60 degrees and
returning to the previous position at an angle of zero

3.1.2. Closed-Loop System without Controller

The second stage of testing the system using the DCM simulation model for the closed loop
system is also without a control unit and contains feedback and this stage does not include any
additional control mechanisms. The system model can be displayed as in Fig. 8, Fig. 9, Fig. 10
Preparing the model.

3.1.3. Closed-Loop System with Controller

The third stage of testing the system using the DCM simulation model for the closed loop system
with a control unit in order to obtain an improvement in performance. The system model can be
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displayed as in Fig. 11, Fig. 12, Fig. 13 and it contains the block diagram in addition to the MATLAB
m file where the PID controller has been integrated to implement the system model with the traditional
PIDC controller.

Position
— —: + q 0.4724s + 10.86 )
| < : 2 +8.393s + 12.13 onaT
— pen Loop
Position1 >+ T.F of Ropotic Arm
Position2
Position3

Fig. 7. Open loop simulation model of robot arm system with positions of different angles, as 40 degrees, 60
degrees, 20 degrees, and 80 degrees

0.4724s + 10.86
2 +8.393s5 + 12.13

Position T.F of Ropotic Arm

]

Closed Loop

Fig. 8. Closed loop simulation model without controller of robot arm system with one position

0.4724s + 10.86 D
j I 52 +8.393s + 12.13
— Closed Loop
Position T.F of Ropotic Arm
Position1

Fig. 9. Closed loop simulation model without controller of robot arm system with positions of an angle of 60
degrees and returning to the previous position at an angle of zero

The third stage of simulation is to use simulation models based on the transfer function of the
open-loop and closed-loop system and the conventional controller as in the simulation model of the
Fig. 11, Fig. 12, Fig. 13).

3.2. System Results of DCM for Robotic Arm System

In this section there are three cases, Open-Loop System, Closed-Loop System without Controller
and Closed-Loop System with Controller.
3.2.1. Results for Open-Loop System

After conducting the first test to simulate the system using the open loop system model, the results
of this stage indicate what is shown in Fig. 14, Fig. 15, Fig. 16, which represents the performance
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response of the system model simulation in the basic open loop configuration without any control
mechanisms.

Position
— —: + 0.4724s + 10.86 -
] < N —» 2 +8.393s + 12.13
— <N - Closed Loop
Position1 T.F of Ropotic Arm

Position3

Fig. 10. Closed loop simulation model without controller of robot arm system with positions of different
angles, as 40 degrees, 60 degrees, 20 degrees, and 80 degrees

L )
I PID(S) 0.4724s + 10.86

s*+8393s +12.13 Closed Loop with PIDC
Position T.F of Ropotic Arm

Fig. 11. Closed loop simulation model with conventional PID controller of robot arm system with one
position at different angles

[ = =
g

0.4724s + 10.86
- —| » PID(s)
j ( s +83935+12.13 Closed Loop with PIDC
Position T.F of Ropotic Arm
Position1

Fig. 12. Closed loop simulation model with conventional PID controller of robot arm system with positions
of an angle of 60 degrees and returning to the previous position at an angle of zero

Position > D
M 0.4724s + 10.86
[
_ 3 Q b PIDe) $* +8393s +12.13 Closed Loop with PIDC

Position1 ‘ T.F of Ropotic Arm

YVvYYyY
o+ o+ +

Position3

Fig. 13. Closed loop simulation model with conventional PID controller of robot arm system with positions
of different angles, as 40 degrees, 60 degrees, 20 degrees, and 80 degrees
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Simulation Response of Open Loop System for Robotic Arm
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Fig. 14. Open loop simulation result of robot arm system with one position at different angles
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Simulation Response of Open Loop System for Robotic Arm
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Fig. 15. Open loop simulation model of robot arm system with positions of an angle of 60 degrees and
returning to the previous position at an angle of zero
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Simulation Response of Open Loop System for Robotic Arm
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Fig. 16. Open loop simulation model of robot arm system with positions of different angles, as 40 degrees,
60 degrees, 20 degrees, and 80 degrees
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3.2.2. Results for Closed-Loop System without Controller

After conducting the second test to simulate the system using the closed loop system model
without additional control, the results of this stage indicate what is shown in Fig. 17, Fig. 18, which
represents the response of the closed loop system, in addition to highlighting the change in
performance.

Simulation Response of Closed Loop System for Robotic Arm

Reference Position
—— At Position

=
[e::e]

(=)
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Position(degree)

'-\
e

o 1 2 3 4 5 & 7 8 9 10
Time (seconds)
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Simulation Response of Closed Loop System for Robotic Arm

Reference Position
— Aot Position

e
=]

(=]

Pogition(degree)

A

o 1 2 3 e 5 i1 7 8 9 10
Time (seconds)

(b) Position in (degree)

Fig. 17. Closed loop simulation model of robot arm system with positions of an angle of 60 degrees and
returning to the previous position at an angle of zero
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Simulation Response of Closed Loop System for Robotic Arm
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Fig. 18. Closed loop simulation model of robot arm system with positions of different angles, as 40 degrees,
60 degrees, 20 degrees, and 80 degrees
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3.2.3. Results for Closed-Loop System with PIDC

After conducting the second test to simulate the system using the closed loop system model with
PIDC, the results of this stage indicate what is shown in Fig. 19, Fig. 20, Fig. 21, the results for the
closed loop system with PIDC. This shows the clear improvements in the system response to the

outputs of the simulation process.
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Fig. 19. Closed loop simulation model with conventional PID controller of robot arm system with one
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Simulation Response of Closed Loop System with PID Controller for Robotic Arm
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Simulation Response of Closed Loop System with PID Controller for Robotic Arm
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Fig. 20. Closed loop simulation model with conventional PID controller of robot arm system with positions
of an angle of 60 degrees and returning to the previous position at an angle of zero
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Simulation Response of Closed Loop System with PID Controller for Robotic Arm
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Fig. 21. Closed loop simulation model with conventional PID controller of robot arm system with positions
of different angles, as 40 degrees, 60 degrees, 20 degrees, and 80 degrees
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The simulation results indicate the performance measurement criteria with the appropriate
parameter values that were adopted in the case of control using the conventional controller, as in the
Fig. 22.

Controller Parameters

Tuned Block
P 2.0807 2.0807
I 534975 534975
D 0.10853 0.10953
M 34,2066 34,2066
Performance and Robustness
Tuned Block
Rize tirme 0,474 seconds 0,479 seconds
Settling time 1.67 seconds 1.67 seconds
Owershoot 2.01 % 2.01 %
Peak 1.08 1.08
(Gain margin Inf dB @ MaM rad/s Inf dB @ MaM rad/s

Phase rargin

69 deg @ 3.26 rad/s

69 deg @ 3.26 rad/s

Closed-loop stability

Stable

Stable

Fig. 22. The firs sample of tuning for PIDC

The upper part of the Fig. 22 indicates the values of the parameters of the traditional controller,
which included all of the P=2.0807, 1=5.4975 and D=0.10953, while the other part indicates the
performance measures, which were represented by, Rise time is equal 0.479sec, settling time is equal
1.67sec and overshoot is equal 8.01%.

The upper part of the Fig. 23 indicates the values of the parameters of the traditional controller,
which included all of the P=1.657, 1=3.5334 and D=0.071242, while the other part indicates the
performance measures, which were represented by, Rise time is equal 0.653sec, settling time is equal
2.3sec and overshoot is equal 7.78%.

The upper part of the Fig. 24 indicates the values of the parameters of the traditional controller,
which included all of the P=1.5736, 1=3.01512 and D=0.0559, while the other part indicates the
performance measures, which were represented by, Rise time is equal 0.734sec, settling time is equal
2.59sec and overshoot is equal 7.41%.

Simulation is the use of simulation models based on the open-loop and closed-loop system
transfer function and the traditional controller as in simulation models. After conducting tests to
simulate the system using open-loop and closed-loop models with and without PIDC, the simulation
results can be obtained, which represent the system response. The results for the closed-loop system
with PIDC show a clear improvement in the system response to the simulation process outputs. The
simulation uses the arm to perform different movements at angles according to the application,
including first moving the first joint at one angle and testing another at more than one angle. The
simulation of the performance of some robotic arm movements also includes different movements
according to the joint and the angle to be modified and the appropriate time to perform those
movements. Different movements can be set for each joint, including one or more movements for
each joint at a fixed or variable angle. The simulation model for robotic arm movements includes three
models, the first is open loop without a feedback signal. The second is closed loop without a controller.
The third is closed loop with a PID controller. The simulation results for robotic arm movements
include three models, the first is open loop without a feedback signal. The second is closed loop
without a controller. The third is a closed loop with a PID controller. One of the proposed tests is to
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run three periods of ten seconds total divided into three periods: a three-second first period, a four-
second second period, and a three-second third period. The first period is a stable angle at the previous
state, i.e. without change, so zero degrees appear in the first period. In the second period, the arm
moves at an angle of 60 degrees from the previous one. Finally, the third movement is at an angle of
-60 degrees. In the same way, different models can be used to represent all joints and perform
movements simultaneously.

Controller Parameters

Tuned Block
P 1.657 1.657
| 3.5334 3.5334
D 0.071242 0.071242
M 271.7208 271.7268
Performance and Robustness

Tuned Block
Rise time 0,653 seconds 0,653 seconds
Settling time 2.3 seconds 2.3 seconds
Cvershoot T.78 % T78%
Peak 1.08 1.08

Gain margin

Inf dB @ MaM rad/s

Inf dB @ MalM rad/s

Phase margin

69 deg @ 2.38 rad/s

69 deg @ 2,38 rad/s

Closed-loop stability

Stable

Stable

Fig. 23. The second sample of tuning for PIDC

Controller Pararmeters

Tuned Block
P 1.5736 1.5736
| 3.0512 3.0512
D 0.0559 0.0559
M 239.6011 239.6011
Performance and Robustness

Tuned Block
Rize time 0.734 zeconds 0.734 zeconds
Settling time 2.3 seconds 2.39 seconds
Owvershoot 741 % 741 %
Peak 1.07 1.07

Gain rmargin

Inf dB @ MaM rad/s

Inf dB @ MaM rad/s

Phase margin

69 deg @ 2.1 rad/s

69 deg @ 2.1 rad/s

Closed-loop stability

Stable

Stable

Fig. 24. The third sample of tuning for PIDC

There are also five periods of ten seconds total divided into equal periods. The first period is a
stable angle at the previous state, i.e. without change, so zero degrees appear in the first period. The
second period is the arm movement at an angle of 40 degrees from the previous one, the third 60
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degrees, the fourth 20 degrees, and finally the fifth movement at an angle of -20 degrees. Another test
case is to run five periods of ten seconds total divided into equal periods including the first period is
a stable angle at the previous state, i.e. without change, so zero degrees appear in the first period. The
second period is the arm movement at an angle of 80 degrees from the previous one, the third 60
degrees, the fourth 80 degrees, and finally the fifth movement at an angle of -80 degrees.

4. Conclusion

The proposed tests were conducted in two stages, including the prototype building stage, which
was used to verify the effectiveness of the system and the possibility of simulating and operating the
model to determine the system behavior. The possibility of operating the arm joints for periods of time
and at multiple angles was also verified to determine the system behavior in terms of performance
speed and response. The verification was conducted by conducting more than one test and for an
operating period divided into periods that fit the proposed tests. The possibility of improving the
performance was verified using the conventional controller. In this study, a PID controller model was
presented and implemented to improve the performance of the motion system of the robotic arm used
for upper limb rehabilitation for stroke patients. The effectiveness of the presented model was verified
by comparing two cases of the system without a PID controller and an open-loop system. A control
system for an articulated robotic arm was developed by simulating this arm using MATLAB to
perform precise movements based on the PID controller proposed in this research to perform precise
movements along a pre-defined path, suitable for various industrial applications.
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