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heating development is finding an optimal controller tuning method to control the
temperature properly. However, the research on control system tuning for this topic is
still in its early stages. The main aim of this article is to utilize a novel approach with the
potential to effectively enhance the performance of microwave heating control
systems, namely Crow Search Algorithm (CSA). Autoregressive with Exogenous
Variables (ARX) is used to simulate the proposed controller and assess its performance.
The proposed controller is evaluated through simulations using MATLAB. Based on the
Keywords: fitness value tests, the optimized CSA solution tracks heating patterns well and
Microwave heating system; crow search predominantly produces a relatively small standard deviation of fitness values in the
algorithm; tuning; ARX model; MATLAB testing of the microwave heating control system. Overall, CSA effectively optimized
simulation controller parameters and achieved efficient control for the microwave heating system.

1. Introduction

Leveraging microwave technology has extended across various sectors, encompassing both
industrial and household domains [1], for thermal energy needs such as rice cooking [2], thermal
sterilization [3], pasteurization, and food drying [4]. Microwave energy can be absorbed by materials
and converted into heat, leading to microwave heating [4]. One distinctive advantage of microwave
heating over other heating technologies is its ability to heat objects selectively or uniformly in their
distribution [5].

Research on microwave heating control systems generally focuses on achieving the desired
system response with a specific setpoint for the measured temperature [6]. This involves developing
new control methods or modifying existing controllers to improve their performance. Additionally,
advancements in microwave heating modeling and control methods indirectly enhance the quality
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of products processed using this technology [7]. Consequently, this research primarily centers around
managing temperatures within microwave heating setups.

Several researchers have evaluated control methods to determine the most optimal approach.
Yuan et al., [1] described various methods for adjusting the power coefficient in a microwave
generator employing two distinct types of controllers, namely the Sliding Mode Controller and the
Proportional Integral Derivative (PID) Controller. They were compared to determine the best control
method to achieve the desired temperature. Another study by Huang and Sites [8] demonstrated
that a microwave heating process using a PID controller integrated with optimization algorithms is
suitable for food pasteurization at the desired temperature. However, implementing the PID
controller in microwave heating is not the only aspect that needs to be considered. Tuning the PID
controller's parameters to optimize system performance is a challenging task [9]. Various
performance requirements, including high accuracy, energy efficiency, and low cost, make controller
parameter tuning crucial for achieving the desired level of satisfaction [10]. In many cases, the use of
artificial intelligence particularly metaheuristic algorithms have demonstrated effectiveness in
finding optimal parameters for a controller in studies [10-16].

One application metaheuristic algorithm employed as an optimization method is the Genetic
Algorithm (GA). Research conducted by Apriaskar et al., [17] showed that GA can be used in
microwave heating to detect the most optimal PID parameters, enabling the preservation of specific
heating patterns. However, the tuning process of microwave heating systems has not been
thoroughly explored using algorithms that are more optimal than GA. Despite the achievement of GA
in attaining optimal parameters in prior research, it is important to acknowledge that GA requires
meticulous tuning of numerous parameters [18][. The utilization of these numerous parameters can
increase the sensitivity of its performance to small variations in parameter values, thereby
complicating the process of identifying the optimal optimizer architecture. However, this concern can
be addressed by using algorithms with fewer parameters, such as the alternative solution known as
CSA introduced by Askarzadeh A [19]. From that article, CSA outperformed Particle Swarm
Optimization, GA, and Harmony Search in control applications. CSA is considered to be a promising
tuning method that can produce satisfactory results [20]. A study integrating CSA and PID controller
was conducted to enhance the DC motor control system in terms of performance [21]. The results
showed that adaptive PID tuning with CSA significantly improved DC motor control system in terms
of performance. The result is that the system exhibited faster, more stable, and more accurate
responses while reducing system errors. CSA has gained significant interest worldwide due to its
advantages, such as its simple implementation, few parameters, and flexibility, according to research
by Hussien et al., [22]. Based on these advantages, this study used CSA as the optimization method
for the PID in the microwave heating control system.

2. Methodology
2.1 Model Microwave Heating Control System

In this article, a microwave heating control system was designed using a model that takes
microwave power as input and temperature measurement or probe as output, as depicted in Figure
1. In addition, Yuan et al., [1] mathematical model used the black box approach to create an ARX
model of the system's characteristics. Since the system operates in a continuous time frame with
input time delay, the equation of the microwave heating model can be formulated as Eq. (1).

y@)=a;(t—1) + - a,y(t —n) =bu(t—1)+ -+ bpu(t —m) (1)
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The output signal of the system is represented by y(t), and the input signal is represented by u(t).
The Laplace transform of Eq. (1) is given by Eq. (2). The Laplace transform of A(s) and B(s) are
provided in detail in Eq. (3) and Eq. (4), respectively.

G(9) 52 @)
A(s)=1+a;s+ -+ a,s" (3)
B(s) = bys + -+ by s™ (4)

The dynamic system in the parameter models can depict the microwave heating control system
a;(i=1,..,n) and bj(j = 1,...,m), where both parameters are based on the ARX model. The
parameters in Eq. (5) can be obtained from the continuous system form. The details of A(z) and B(z)
are provided in Eq. (6) and Eq. (7).

A@Y(O) = B@u®) + e )
A(z) =1-03149,7" - 0.3164,7% - 0.1912,7° = 0.1773,”" (6)
B(z) =3.97 x 1075, — 1.492x 1075, + 533 x 1075, + 8.983 x 1075, " (7)
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Fig. 1. Microwave heating control system design
2.2 PID Controller

PID control is a versatile and popular control method with effective control in a wide range of
systems [23]. This is because of its ease of operation in adjusting the PID control parameters to
achieve optimal performance [24]. PID operates by utilizing the feedback output to calculate the
system error value, which then serves as an adjuster for the actuator to provide the system output.
In the case of this microwave heating control system, the actuator is the magnetron, and PID plays a
role in adjusting the magnetron's output with microwave power form. The PID controller has a
general equation as shown in Eq. (8), a transfer function equation as shown in Eq. (9), and a discrete
form resulting from the Z-transform in Eq. (10).

u(t) = kye(t) + k; fote(r)dr + kd%e(t) (8)
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C(s) = kp + % + kys (9)
C(s) =k + 22 4 2220 (10)

The PID controller is made up of three main parts: proportional (P), integral (1), and derivative (D),
which work together to control the system as shown in Figure 2. Each part has its advantages and
disadvantages [25]. The proportional part can speed up the system response but may lead to a high
overshoot. The integral part has a similar effect as the proportional part in terms of how it affects
rise time and overshoot, but it also eliminates the steady-state error. The derivative part can help to
improve stability, especially in systems that are prone to oscillations. The PID controller parameters
kp, ki, and kd must be adjusted to match specific environmental conditions in order to achieve
accurate control [26]. Therefore, tuning methods for these parameters can greatly assist in optimizing
the controller's response, as tested in this article using CSA.

PID Control
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Discrete Derivative

Sensor

Fig. 2. MATLAB Simulink block diagram of discrete PID controller
2.3 Crow Search Algorithm

CSA is one of the metaheuristic optimization algorithms that adapt to the behaviour of crows.
Crows are known for their intelligence in social interactions within their flock when searching,
deceiving, and hiding food locations. This ability can be described as exploration in seeking optimal
solutions and exploitation of previously discovered solutions [27]. The algorithm's solutions are
likened to food hiding locations, where these locations contain parameters to be optimized, enabling
CSA to improve the performance of a controller. In this case, CSA is used to tune the PID controller
parameters Kp, Ki, and Kd, which will affect the microwave heating control system operation. Figure
3 illustrates the stages of CSA applied to the PID controller.

Some PID implementations emphasize the importance of setting limits for the parameters Kp, Ki,
and Kd. This is because setting parameters beyond a wide range can cause the control signal to be
unimplementable on electronic devices [28]. This article will adopt the same parameter range, with
Kp ranging from 0 to 1000, while Ki and Kd will have a range of 0 to 80. After adjusting the parameters,
the determination of CSA parameters, such as flock size, iterations flight length (fl), and awareness
probability (AP), is crucial. The scope of the solutions is determined by fl, where larger values widen
the scope to be more general, while smaller values narrow it to local areas. Hence, selecting a smaller
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fl value is essential to obtain the best solution. Similarly, choosing a smaller AP will trigger more new
crow positions, providing more new solutions and improving the percentage of better solutions.

START

Determining the upper
bounds for Kp, Ki, and
Kd

Initialization of —l
Parameters FI, AP, N,

Saving the best
crow position based

Evaluating the fitness

function for all crow

and Itermax Updating the
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l memory
Generating a random vector solution I
as the initial position and memory Testing the
l feasibility of the
new position

I

on the fitness value positions Generating a new
l position
Iteration = Randomly

selecting one crow

Displaying the best
solution from the final position
of the crow with corresponding

values of Kp, Ki, and Kd

END

Fig. 3. CSA tuning flowchart for PID controller

In the CSA with the PID Controller, the first step is to determine the upper bounds of Kp, Ki, and
Kd. Subsequently, CSA parameters such as fl, AP, N (number of crows in the population), and Itermax
(maximum number of iterations) are initialized. Next, the initial positions and memories of the crows
are randomly generated as solution vectors. These positions represent combinations of Kp, Ki and Kd
values that are being evaluated during the optimization process step. Following this, the fitness
function is evaluated for each crow position, measuring the solution quality based on predetermined
performance criteria. The crow position with the best fitness value is stored for use in the subsequent
iteration.

The iteration loop continues until the number of iterations reaches the specified maximum. In
each iteration, the steps involve randomly selecting one crow from the population (j) and generating
a new position based on the determined displacement. If a randomly selected crow becomes aware
of its followers (r), it creates a new position randomly; otherwise, it creates a new position using Eq.
(11).

iiter . iiter jiter _ .liiter . iiter
Liter+1 _ )X +1; X fl X (m xbiter) r; = AP

a random position otherwise

x (11)

The crows test new positions for their suitability by calculating their fitness value. If a new position
has a higher fitness value than the crow’s current position, the crow updates its position and memory
with the new position. The iteration process will keep running until it reaches the maximum iteration
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limit or other stopping criteria. The final result of the CSA with the PID controller is the best solution
found after all the iterations, which is represented by the final position of the crow and the
corresponding values of Kp, Ki, and Kd.

3. Results
3.1 CSA Parameters

The initial step in evaluating the performance of CSA can begin with observing its fitness values.
The optimization results of the CSA parameters can be considered better if they primarily show an
improvement in fitness values that fluctuate from the previous iterations. Besides ensuring the
proper functioning of CSA, determining the minimum range of iteration bounds for testing is also
crucial to minimize excessive testing. In this article, three random tests were conducted, each with
100 iterations. From Figure 4, it can be observed that all three tests fitness values work well and reach
stability around the 70th iteration. Therefore, setting the iteration at 70 as the minimum iteration
bound can be considered sufficient to represent the optimum results of the CSA testing.
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Fig. 4. Fitness value of crow search algorithm

The minimum iteration bound can be used to conduct testing for the most suitable flock size. The
testing is carried out by selecting the best flock size from several candidate sizes, namely 10, 20, 30,
40, and 50 based on the fitness values obtained. Table 1 presents all flock size test results conducted
during five initial experiments. The researchers disregarded flock sizes 10 and 20 due to their low
fitness results, which could hinder the controller from reaching its best performance. The fitness
values of 30, 40, and 50 were nearly optimal, but flock size 40 predominantly produces the highest
fitness value, so the researchers chose this value for the CSA parameter. Table 2 provides details
about the CSA testing parameters applied to the microwave heating control system.

Table 1

Fitness value of flock size test
Test Flock size

10 20 30 40 50

1 378,9960 378,8084 378,5376 379,1404 378,3409
2 374,2528 337,4492 378,5148 379,1852 378,5635
3 378,3421 378,0144 378,6646 378,1755 378,7915
4 378,5004 378,8084 378,7072 379,0427 378,7915
5 372,0444 378,8084 378,3668 378,2422 378,8968
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Table 2

CSA parameters

CSA parameter Value
Flock size 40
Iteration 70
Flight length 2
Awareness probability 0.1

3.2 Best Solutions from Parameter Optimization

After applying the specified minimum bound, twenty tests were conducted for each CSA. The
number of tests was directly related to the number of solutions generated. From the twenty tests
conducted, the fitness values showed an average difference of approximately 0.41 between each
test. The same trend was observed for parameters Kp and Ki with relatively small standard deviation
values. However, the parameter Kd exhibited a different behaviour, characterized by a wide variation
of values, resulting in a standard deviation of 13.41. Based on this analysis, selecting the best solution,
also known as the best individual, can be achieved by considering the highest fitness value. It is
expected that the best solution will deliver optimal controller performance in the system. Table 3
provides detailed results of the twenty tuning tests, and Figure 5 displays the graphical
representation of the best solutions obtained.

Table 3
Performance of 20 tuned running tests
Specifications parameter  PID parameters Fitness value
Kp Ki Kd
Best value 999.73 80.00 62.91 379.19
Standard deviation 1.09 0.21 13.41 0.41
Mean 999.13 79.81 55.33 378.69
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Fig. 5. Best fitness value each iteration
3.3 Performance Evaluation
The previously obtained best solutions also yielded the most optimal PID control parameters. The

performance of these parameters in the microwave heating control system must be evaluated to
validate them. The system is set with a heating pattern as the setpoint. The pattern starts at 19
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degrees Celsius and steadily increases to 45 degrees Celsius for over 250 seconds. The temperature
then remains constant at 45 degrees Celsius for a while before increasing again to 75 degrees Celsius
until the conclusion of the simulation. Figure 6 demonstrates that the microwave system accurately
tracks the desired heating pattern when parameters are optimized using CSA.

If we observe the control signal generated, Figure 7 shows that the controller produces varied
control signals. The graph shows that the maximum power output of a microwave heating control
system was less than 2000 W, which is the maximum power output of a common magnetron used in
microwave heating control systems. This signal indication suggests that the device can be protected
from excessive disturbances, ensuring the overall system's protection.
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Fig. 6. The output control system response Fig. 7. The control signal generated by CSA

To ensure that the control system performs consistently and produces the desired results, there
are several steps for further research. One way to address the limitation of the microwave heating
control system is to use the anti-windup method. This method could be implemented in hardware,
making it a viable option for practical applications. Considering the relatively high standard deviation
of the Kd parameter produced by CSA, algorithm development is another potential recommendation.
Some possible developments include optimizing the algorithm, adjusting CSA parameters, and fine-
tuning the fitness function.

4. Conclusions

In conclusion, this work presents the utilization of CSA as an optimization algorithm for the PID
controller in the microwave heating control system. Before tuning the control parameters, testing,
such as iteration bounds and flock size, is necessary to maximize the CSA's solutions. In these tests,
using fitness value as an evaluation criterion is crucial both before and during the tuning process.
Based on the fitness value testing results, the best solution obtained from CSA optimization works
well in the microwave heating control system, with PID control parameter values of 999.73, 80, and
62.91 for Kp, Ki, and Kd, respectively. The research can be further developed from various
perspectives, such as controlling formula limitations to prevent the control signal from exceeding the
actuator's designated value. Considering optimization approaches, the development of CSA
parameter selection, improving the fitness function, or exploring other optimization methods for
non-linear control systems could be viable options for future development.
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