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The Proportional-Integral-Derivative (PID) controller is a widely used industrial feedback
control algorithm that consists of proportional, integral, and derivative components. This
PID control can measure process variables and calculate errors to generate accurate control
signals. PID controllers are often used for DC motor speed control applications based on
desired parameters. By applying artificial intelligence, PID controller performance can be
improved by determining optimal values, automatically adjusting parameters, and
responding quickly and accurately to changes in process variables. This article discusses
the design of a DC motor PID controller for CNC machines using the MATLAB 2017a
application. In this research, a numerical approach is employed using the Action Research
(AR) method to enhance practitioners' methods/ways of understanding material learned in
higher education. Implementing a DC motor controller with a closed loop PID controller
block can reduce the rise time value in the design transfer function. The lowest settling
time and the overshoot in the PID control can result in the lowest rise time value of 136,893
ms. These findings can serve as a reference for determining the appropriate tuning method
to adjust the values of proportional gain, integral gain, and derivative gain in the PID

control system, thereby enhancing the production effectiveness of CNC machines.

1. INTRODUCTION

A DC motor is an electrical machine that consumes DC
electrical power to produce mechanical torque [1]. The
relatively high torque makes DC motors widely used, one of
which is in CNC machines. The torque produced is directly
proportional to the current entering the motor coil on the
armature and the strength of the magnetic field that induces the
armature [2]. The DC motor can drive the CNC spindle, a tool
driver. The movement of the tool in a CNC machine affects
the angular speed of the rotor in the DC motor [3]. The speed
can be changed based on the DC motor parameter values. In
this case, saturation and friction can reduce the performance
of Conventional Control [4].

Motor DC is capable of providing smoother motion and can
adapt to changes in load [5]. Additionally, the power output of
a DC motor can be optimally regulated to prevent overheating
[6]. DC motors require accurate and stable control systems to
achieve maximum results with high precision. The commonly
used control system method is the proportional (P), integral (I),
and derivative (D) error method, commonly referred to as the
PID control method. These three components achieve optimal
control [7-9].

The PID controller is a widely employed feedback control
algorithm in various industrial sectors. PID controllers
frequently apply to motor control tasks due to their
straightforward structure and easily comprehensible control
algorithm [10]. Typically, controller parameters are
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determined through a Trial-and-error method. Several
observed factors in testing results include settling time,
overshoot, and rise time. The PID tuning via the Trial and
Error method involves iterative adjustments of PID parameters
until the desired outcomes are achieved. One drawback of this
method is its requirement for significant time and effort, as it
entails repetitive experimentation. Another area for
improvement is its suboptimal control accuracy [11].

Another control method that can be utilized is Manual PID
Tuning, which allows users to determine PID parameters while
monitoring the system response in real time. The first step in
employing this method is to transform the system into a
mathematical model. Once the mathematical model is inputted,
the PID parameters most suitable for the system are
automatically computed [12]. PID Tuner generates rapid,
stable, and accurate responses, making it a precious tool in
designing effective controllers for various real-world
applications [13]. One drawback of using this method is that
users must understand the system being built so that the
resulting PID parameters can function effectively [12]. Based
on some limitations arising from Manual PID Tuning, an
Artificial Intelligence (AI)-based PID tuning method has been
developed.

Intelligent control based on Artificial Intelligence (AI) has
developed a lot to improve conventional control [14, 15].
Developments can be used as educational material for
academics to analyze and implement existing theories [16].
One way to design a DC motor control model is to use PID
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control tuned using MATLAB autotuning. This way, the
electric motor can be designed on a CNC machine based on
the desired needs [17]. Based on this description, this article
discusses the design of a DC motor PID controller for CNC
machines using the MATLAB application. Therefore, this
research will conduct a comparative simulation of PID control
tuning methods based on Al and numerical approaches using
MATLAB. This is done to find the appropriate tuning method
for adjusting the values of proportional gain, integral gain, and
derivative gain in PID control, thereby enhancing the
production effectiveness of CNC machines.

2. AI BASED PID CONTROLLER

PID controllers measure actual process variables and
compare them to targeted setpoints. Next, the controller
calculates the difference between the two, known as an error.
Based on this error, each PID component generates accurate
control signals to correct process variables [18].

Meanwhile, Artificial Intelligence (Al) can be used to
improve the performance of PID Controllers. For example, in
research conducted by Denny Irawan and Pressa Perdana SS,
they used an Al algorithm to tune a PID controller. Thus, Al
can help determine the optimal Kp, Ki, and Kd values for the
PID controller, thereby increasing control efficiency and
accuracy [19]. The use of Al in PID Controllers has several
primary functions [20]:

e  Optimizing PID Controller Parameters: Al can be used
to determine the optimal values of Proportional (Kp),
Integral (Ki), and Derivative (Kd) constants on PID
Controllers. Thus, Al can help improve control
efficiency and accuracy.

e Dynamic Adjustment of PID Controller Parameters: In
some cases, PID Controller parameters must be
adjusted dynamically based on changing system
conditions. Al can be used to make these adjustments
automatically, thereby improving control performance.

o Increased Efficiency and Product Quality: By
optimizing the use of PID Controllers and considering
existing challenges, companies can increase efficiency,
reduce production costs, and achieve higher product
quality.

e Overcoming Limitations of Conventional PID
Controllers: Conventional PID controllers may need
help achieving setpoints correctly if significant changes
in process variables occur. Al can help solve this
problem by responding to these changes more quickly
and accurately.

So, the relationship between PID Controllers and Al lies in
how Al can be used to optimize the performance of the PID
Controller. Al can help set PID Controller parameters for
better and more efficient control. The use of Al (Artificial
Intelligence) based PID (Proportional, Integral, Derivative)
controllers using MATLAB is often used in various
applications, such as temperature control and motor control.
Some examples of its use: Water Temperature Control: A PID-
based water temperature control module using MATLAB
Simulink has been developed. In this research, system
modeling and PID controller design were carried out using the
Ciancone method on the Pressure Process Rig 38-714 System
[21]. Learning to Design PID Control Systems: MATLAB is

used to learn how to design PID control systems in universities.

With MATLAB, students can see the response of various

282

combinations of parameters with different input variations
[22]. Brushless DC Motor Control (BLDC): AI-PID controller
is used to obtain PID constants (Kp, Ki, Kd) and perform
programming on an ASTM 32 microcontroller [23]; DC Motor
Simulation: PID controller is used in DC Motor simulation
using Simulink in MATLAB. Thus, Al-based PID controllers
using MATLAB have various applications in industry and
education. Always understand the basics of PID control and
MATLAB before applying them to a natural system [24].

By tackling various issues, Al may greatly enhance PID
controller performance. By utilizing methods like neural
networks and fuzzy logic, it can manage intricate, nonlinear
systems more skillfully. With the use of AI, parameter
adjustment may be automated to reduce overshoot and settle
time. Due to the lack of ideal tuning settings, conventional
techniques such as Ziegler-Nichols produce closed-loop
responses. Al can also manage uncertainty since it can learn
from data and adjust to changes. It can help save wear and
maintenance costs by lowering chatter in the control signal
through optimization [25]. Artificial intelligence (AI) may
improve PID controller performance, increasing their
adaptability and effectiveness for a greater variety of systems.

3. RESEARCH METHODS

The research method used is the Action Research (AR)
method. Action research aims to improve practitioners'
methods/ways of understanding material learned in higher
education [26]. Action Research (AR) is a research
methodology that seeks to produce knowledge and action by
tackling real-world problems in participatory, collaborative,
and cyclical ways. It is a type of research that works towards
social or professional change and is often based on everyday
issues, aiming to create practical solutions to these problems.
It is hoped to increase students' understanding of PID
controllers and transfer functions.

There are two common types of AR: participatory action
research and practical action research. Participatory action
research emphasizes that participants should be members of
the study community, empowering those directly affected by
the research outcomes. In this method, participants are
effectively co-researchers, with their lived experiences
considered formative to the research process. Practical action
research focuses more on how research is conducted and is
designed to address and solve specific issues.AR is often
reflected in three action research models: operational
(sometimes called technical), collaboration, and critical
reflection [27]. AR is an interactive inquiry process that
balances problem-solving actions implemented
collaboratively, with data collecting and inquiry occurring
amid emergent structure. AR is different in purpose, context,
and significance and is a good fit for those seeking to
implement systemic change [28]. Utilizing Al technology as a
PID control method is highly beneficial because the
parameters' boundaries can be adjusted according to changing
conditions.

The stages in this research method include design
identification, solving transfer function problems, creating
block diagrams, determining PID parameters, and simulating
PID performance. The research flow can be seen in Figure 1.
This research uses the MATLAB 2017a software application.
In this case, mastery and understanding of applications in
designing machine PID controllers are essential. Using an



Artificial Intelligence (Al) based Proportional-Integral-
Derivative (PID) Controller using MATLAB involves several
main steps [29]:

1. System Design and Modeling: The system is controlled,
and the model is created using MATLAB. This involves
identifying the system into a transfer function appropriate to
the plant.

2. Use of AI-PID Controller: The AI-PID controller is
designed and programmed using MATLAB. The Al algorithm
obtains optimal PID constants (Kp, Ki, Kd).

3. Simulation: After complete design and modeling,
simulation is carried out to see the system response to various
parameter combinations with different input variations. This
simulation helps understand how the system will respond to
various conditions and how the AI-PID Controller can
improve system performance.

4. Implementation on a Microcontroller: After the
simulation and parameter setting are complete, the program

created is implemented on a microcontroller such as ASTM 32.

Design
Identification

!

Transfer Function

v
Block Diagram

v

PID parameters

PID Simulation
Worked?

Figure 1. Research flow

4. RESULTS AND DISCUSSION
4.1 Design identification

A DC electric motor has a schematic, as shown in Figure 2.
In this case study, the magnetic field strength is constant, so
the motor torque is only directly proportional to the armature
coil current with a constant in the relationship shown in Eq.

(D).

T = K,i (1)
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Figure 2. Schematic of a DC electric motor [30]
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The resistance comes from the magnetic field produced by
the electromagnet coil (back emf), which is proportional to the
angular speed of the rotor with a constant in the relation Eq.

Q).

e =K,0 2
By applying Newton's second law and Kirchoff's law to
rotating objects, the system can be expressed in Eq. (3) and Eq.

4.

J6 + b6 = K,i (3)

di .
L—+Ri=V—K,0

R 4)

The design of the DC electric motor has the properties in
Table 1.

Table 1. Design properties of DC electric motors [31]

Variable Mark
] 0.01 kg.m?
b 0.1 Nms
K, 0.01 Nm/Ampere
K, 0.01 Vs/rad
R 8.1Qs
L 4.05H

where,
J = Moment of inertia of the rotor (kg.m?)
b = Friction constant (Nms)
K, = Torque constant (Nm/Ampere or Vs/rad)
K, = Electric friction constant (Vs/rad)
R = Coil resistance (£2s)
L = Coil inductance (H)
V = Electric voltage on the coil (V)
i = Electric current in the coil (Amprere)
6 = Rotor rotation angle (rad)

4.2 Transfer function

Transfer Function (TF) or transfer function, namely the
comparison between the output Laplace transformation and
the input Laplace transformation, assuming all initial
conditions are zero. The torque balance equation in Eq. (3) and
Eq. (4) can be combined into an electric circuit equation for
the anchor as in Eq. (5).
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Using the Laplace transformation, the current in the
armature coil is as in Eq. (6).

_5%]6(s) + sbO(s)
= ré

i(s) (6)

By eliminating from Eq. (6), where rotational speed is the

output and voltage is the input, we obtain the transfer function
as Eq. (7).

[52]0(5) + sbB(s)] R4 sl [52]6(5) + sbB(s)]
K e
+sK,0(s) =V (s)

((Ls + R)(s%] +Kbs) + KeK)OGs) _ ) (7
0(s) _ K
V(s) s[s2L] + (Lb +JR)s + (bR + K.K,)]
Because then Eq. (7) can be written as Eq. (8).
K. =K, =K
0(s) K (8)

V(s) s[(Js+b)(Ls+R)+K?]

From the design properties of a DC electric motor, the
transfer function has the value as in Eq. (9). In this experiment,
we will also show the rotational state of the motor as its output
so that the state can be obtained using dot theta integration.
Therefore, we need a transfer function with s. So, the
continuous-time transfer function is as follows:

o(s) 0.01
V(s) 0.0405s% + 0.486s + 0.8101

)

4.3 Open loop and closed loop block diagram

The open loop block diagram of a DC electric motor design
can be seen in Figure 3.

v(s) - 6(s)

s[(Js+ b)(Ls+ R) + K7]

(a) sketch

0.01
0.0405s% + 0.486s + 0.8101

Step

=

Scope

Transfer Fcn

(b) DC electric motor design MATLAB

Figure 3. TF open loop block diagram

v(s) p
+O K s[Js+b)(Ls+ R) + K?]

8(s)

Figure 4. Closed loop block diagram of Proportional
controller
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V(s) ¥ 6(s)
r Ky +Kifs SIs + 0L T R+ K7

Figure 5. Pl controller closed-loop block diagram

V(s)
K, K
+O K5+ Kps ST(s + D)(Ls + R) + K7]

6(s)

Figure 6. PID controller closed-loop block diagram

Meanwhile, the closed loop block diagram with the
controller can be seen in Figures 4-6. Each is a proportional
controller, PI controller, and PID controller.

A closed loop block diagram with a PID controller system
can be created using the MATLAB 2017a software application,
as in Figure 7.

__001
0.0405s° + 04865 + 08101

PID(s)

PID Controller

Transfer Fcnt

Figure 7. PID controller closed-loop block diagram with
MATLAB

4.4 PID parameters

A sound DC motor system can demonstrate exact motor
shaft movement. Another performance requirement is that the
motor quickly reaches the final rotation state. In this case, the
settling time is less than 2 seconds, the overshoot is less than
5%, and the error is less than 1% at steady state.

In MATLAB, PID parameter tuning for DC motors entails
striking a compromise between performance attributes.
Robustness, roll-off, closed-loop dynamics, and susceptibility
to load perturbations are essential components. Smoother
motor running is achieved by minimizing the impact of
disturbances using a well-tuned PID controller. The rate at
which gain diminishes with frequency or roll-off can increase
noise sensitivity and enhance disturbance rejection. PID
settings can directly affect closed-loop dynamics, such as
overshoot, settling time, and steady-state error. For DC motors,
robustness is essential since variables like resistance,
inductance, and friction are only sometimes understood and
can change [32]. While programs like Systune and PID Tuner
can assist with tuning, the best tuning will rely on the
application's particular needs.

By performing the transfer function in MATLAB using a
GUI by defining the numerator and enumerator as vectors and
the final step parameter value 1, the open loop step response is
obtained, as in Figure 8. It is found that the rise time value of
the transfer function, overshoot, and amplitude is 1,094 s,
0.502%, and 0.01193. The DC motor's function meets the
desired parameters in this case.

The PID controller parameters are assessed to determine the
system's appropriate controller. We use the MATLAB
application's trial and error method, as in Figure 9. From this
method, the PID controller value is obtained, namely for each



speed, based on the parameters, as in Table 2. It is found that
the greater the speed, the smaller the settling time value and
the greater the overshoot value. In this case, the value of the
PID controller parameter is more excellent the higher the
speed.

Figure 8. Open loop transient response of DC motors

Trna socons)

Figure 9. MATLAB PID parameter values

Table 2. Result of PID controller parameter values

District Sett. Time Overshoot

(radls) ) (%) Kp Ki Kq
2.85 1.84 4.20 123 312 10
5.42 1.17 3.61 265 620 21
8.36 0.97 3.58 402 972 36
11.3 0.74 3.26 565 1362 47
13 0.68 3.02 642 1551 54
4.5 PID Simulation
. ‘ "
Il ===
= —5
Iy} ) "E o RGN OE :r

001
0010557+ 04863 + 083

Figure 10. DC motor block diagram based on PID values
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Based on the design parameters of a DC motor using a PID
controller, it is applied using a block diagram. The block
diagram is created based on the speed of each PID parameter.
Making block diagrams using the MATLAB software
application, as shown in Figure 10.

The design simulation has been successfully carried out.
Simulation results using MATLAB showed that using a speed
of 13 rad/s for this DC motor design had the smallest rise time
value, 136,893 ms. Overshoot at a speed of 13 rad/s is 2.577%.
The DC motor design simulation graph using a PID controller
can be seen in Figure 11.

Figure 11. Simulations results

5. CONCLUSION

The DC motor control system for CNC machines,
employing Al-based modeling, has been successfully
executed. Employing MATLAB software, a comprehensive
numerical analysis was conducted, considering the intricate
parameters inherent to the PID system. With a moment of
inertia registering at 0.01 kgm? quantifying the friction
constant, coil resistance, and coil inductance unveiled values
of 0.1 Nms, 8.1 Qs, and 4.05 H, respectively. This meticulous
determination yielded rise time values for the transfer function,
overshoot, and amplitude, measuring 1.094 s, 0.502%, and
0.01193, respectively. A marked reduction in the rise time
value within the design transfer function was achieved through
methodical optimization of the tuning system, harnessing the
DC motor control system integrated with a closed-loop PID
controller block. Specifically, employing a velocity of 13 rad/s
on a PID controller, accompanied by a settling time of 0.68 s
and an overshoot of 3.02%, yielded the minimal rise time
value of 136,893 ms. These discernments offer invaluable
insights for determining the apt tuning methodology to
calibrate the PID control system's proportional gain, integral
gain, and derivative gain. Thereby enhancing the production
effectiveness of CNC machines.
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