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ABSTRACT

Sustainable energy and electric vehicles require DC-DC converters in renewable energy systems, EV
charging, and smart grids. In this context, buck converters are crucial, providing efficient voltage
regulation and reliable performance in these advanced energy systems. While Proportional-Integral (PI)
controllers are widely adopted for their simplicity and dependability, they often rely on manual parameter
tuning, limiting their adaptability and responsiveness. To address this limitation, this research introduces a
digital control strategy that optimizes the PI parameters using the Firefly Algorithm (FA). This
optimization significantly enhances the stability and reduces the oscillations in the DC-DC buck converter.
A MATLAB/Simulink simulation model is utilized to validate the proposed approach, and the results
demonstrate that the FA-optimized control parameters substantially improve the converter's performance,
making it highly suitable for high-demand applications in advanced energy systems.
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I.  INTRODUCTION

The global transition toward sustainable energy and the
rapid expansion of electric vehicles have made DC-DC
converters essential components in modern power systems,
providing critical voltage regulation for a variety of
applications [1, 2]. These converters are vital in adjusting
voltage levels to accommodate renewable energy sources, like
solar and wind, electric vehicle charging infrastructure, and
smart home systems [3, 4]. As power networks become
increasingly decentralized, DC-DC converters enable reliable
and efficient power management, maintaining stable outputs
despite the fluctuations in load and input supply—a capability
particularly crucial in microgrids, where energy demands and
sources vary dynamically [5]. Additionally, recent
advancements in control strategies have improved the
performance and adaptability of DC-DC converters, enhancing
their efficiency, power density, and cost-effectiveness. These
converters rely on configurations, such as buck, boost, and cuk,
to meet the specific requirements of low-voltage applications,
which renders them indispensable in the next-generation
energy systems, prioritizing resilience and environmental
sustainability [6, 7]. However, designing converters that
consistently provide stable voltage output poses significant
challenges, as the input voltage, load demands, and circuit
parameters can widely fluctuate [8]. To address these issues,
advanced control strategies, including adaptive and neural
network-based methods, have been developed to enhance the
converter performance and reliability under changing
conditions [9-11]. Yet, the growing complexity of these
systems, with more sophisticated control mechanisms, can

increase the production costs and hinder scalability for
commercial use [12-14]. Ongoing research seeks to develop
adaptable, resilient, and sustainable DC-DC converters that
balance advanced functionality with economic feasibility,
addressing the demands of modern power systems while
supporting industrial scalability and a widespread adoption.

In open-loop configurations, achieving a stable output in
buck converters with a fixed duty cycle is challenging due to
the nonlinear characteristics of the circuit components [15]. To
address these challenges, feedback loops are widely employed
to ensure consistent voltage regulation by rapidly adapting to
changes in operating conditions [16]. Recent advancements in
digital control have further refined the buck converter
performance, offering benefits, like faster switching speeds and
easier integration with microcontrollers, such as Digital Signal
Processors (DSPs) [17]. This digital control approach enhances
stability, reduces response times, and aligns with the stringent
requirements of the modern, high-efficiency applications. PI
control is a cornerstone in power conversion systems, valued
for its straightforward design, reliability, and effectiveness in
stabilizing the output voltage. Commonly utilized in buck
converters, PI controllers offer dependable steady-state
performance and swift transient response, even as the load and
input conditions fluctuate [18]. Their design simplicity
demands minimal computational power, making them well-
suited for integration into microcontroller-based applications,
where cost and resource efficiency are critical. Despite these
benefits, the PI controller often relies on manually tuned
parameters,  proportional gain (K, , and integral
gain (K;), which are typically set through empirical methods or
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trial and error [19]. This approach can fall short, potentially
causing slower response, increased steady-state error, or even
instability in varying operational scenarios [20]. Furthermore,
fixed PI settings may lack the adaptability needed to handle the
dynamic changes in the system load or input [21-23]. These
limitations emphasize the need for parameter optimization to
allow PI controllers to dynamically adapt to and ensure
stability in DC-DC converter systems.

This study focuses on optimizing the control parameters for
the DC-DC buck converters using the FA to enhance
performance and stability. Conventional DC-DC energy
conversion systems often encounter instability and oscillations
due to the changing loads or input voltages, posing challenges
for maintaining minimal ripple and noise, especially in
applications, like medical devices, military equipment, or
signal processing electronics. To address these issues, this
research employs a digital control method where PI controller
parameters are dynamically tuned using FA. By leveraging this
optimization technique, the converter’s responsiveness and
stability are significantly improved. A simulation model of the
DC-DC buck converter was developed and analyzed in the
MATLAB/Simulink environment to validate the proposed
approach. The results demonstrate the efficiency and
robustness of the FA-optimized PI controller in achieving
reliable step-down energy conversion, making it suitable for
high-performance applications.

II. SYSTEM ANALYSIS

A typical buck converter comprises a DC input voltage
source (V) , a controllable switch (S,,), a diode (D), an
inductor (L) for current smoothing, a capacitor (C) for voltage
filtering, and a load resistor (R), as illustrated in Figure 1. The
converter operates by switching between two distinct states,
ON and OFF, each described by unique equations that
characterize the system’s dynamics at each phase. These
equations provide a framework for accurately analyzing the
buck converter’s performance across different operating
conditions, highlighting its efficiency and stability in voltage
regulation. The system model in a state-space form is expressed
using:

dij, _ 1

dt _Z([/L —170)

dvo _ 1 .. Vo

at _C(lL R (D
din _ _ Y
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Combining the equations in (1) yields the ones shown in
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dip 1
= = 7 WVin —v)

2)
dvy 1(. vo) (
Lo 2(j, -2
at ¢ R

where u represents the control input, taking a value of 1 when
the switch is ON and O when it is OFF. The output voltage
error and its rate of change, indicating how the output voltage
error evolves over time, are defined as x; = vy — V¢ and

Xy = Vg — Vyep = X1 = Uy, where X, represents the derivative

of x;, and V.. denotes the target DC reference value for the
output voltage.
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Block diagram overview of DC-DC converter system integrated

By differentiating the output voltage v, in (2) with respect to
time, the output voltage error x; and its rate of change x, is
expressed as:

x1 = xz
. X
Xy = _é + w(z](uVin - Vref - xl) (3)
wt==
07 ¢

The current flow in a buck converter operating in
Continuous Conduction Mode (CCM) is determined by the
switch S,,,. When switch is ON, the diode is reverse-biased, and
the input supplies power to both the load and the inductor,
causing the inductor current to increase over the interval DT.
When S, turns OFF, the inductor voltage reverses, and the
current continues to flow through the diode during (1-D).
Under steady-state conditions, the average inductor current
equals the average output current, as the capacitor's average
current remains zero. The relationship between the input
voltage V; and output voltage V,, governed by the duty cycle D
and switching period T, is given by V, = D - V;;, where D =
t"T". The variable t,,, represents the period during which the

switch remains in the ON state. There is a direct proportional
relationship between the output and input voltages, governed
by the duty cycle (0 < D < 1). Since the duty cycle is always
less than 1, the output voltage remains consistently lower than
the input voltage.

III. VOLTAGE REGULATION TECHNIQUE

Achieving stable output voltage in a buck converter with a
fixed duty cycle is especially challenging in open-loop
configurations, particularly when exposed to load fluctuations
or external disturbances. To address this, a feedback loop is
necessary to regulate the output voltage dynamically as
conditions change. Figure 1 presents the block diagram of a
digital PI-controlled buck converter operating in voltage mode,
incorporating both power stages and feedback elements.

www.etasr.com

Le: Firefly Algorithm-based Optimization of Control Parameters in DC Conversion Systems



Engineering, Technology & Applied Science Research

Vol. 15, No. 2, 2025, 20588-20594 20590

40 |

nal (V)

sig
I,l’

out

\’.'

)
(0] 0.02 0.04 0.06
Time (s)

(a)

0.08 0.1

NN

N

=

signal (A)

out

I

)
(0] 0.02 0.04 0.06
Time (s)

(b)

0.08 0.1

(A)

LS

signal

I

(0] 0.02 0.04 0.06
Time (s)

(c)

0.08 0.1

Fig. 2. Analysis of simulation results for (a) Viu, (b) Lou, and (c) I, without
using FA, at an output reference voltage of 25 V DC.

A voltage sensor is used to capture the output voltage (V)
from the converter, which is then processed through a signal
conditioning circuit to match the input requirements of the
analog channel, ultimately interfacing with the DSP. The
converter's output is compared to a reference voltage
(Vres),and the resulting error is minimized through the PI
controller. The PI controller output modulates the duty cycle in
the Pulse Width Modulation (PWM) module, which then
generates a pulse signal for digital-to-analog conversion. This
pulse signal directly controls the semiconductor switch, turning
it on and off through the driver circuit. The closed-loop
controller is engineered to align the output voltage (V) closely
with the desired reference voltage (V;.r). PI control is a
popular choice in buck converters because of @ its
straightforward implementation and cost-effectiveness. The PI
control signal is mathematically expressed by:

u(t) = Kye(t) + K; fore(r)dr )

In digitally controlled switch-mode power supplies, the
control signal u(t) and error signal e(t), defined in (4), are
critical for regulating performance, with the K, and K; gains
adjusting the response. The proportional term minimizes the
error by applying a gain to the error, though high K, values can
induce output fluctuations and risk destabilization. Conversely,
low K, values slow the response to input disturbances, while
the integral term, through K;, accumulates the error over time
to correct residual inaccuracies. Together, these parameters
enable an accurate regulation, as the closed-loop converter’s
performance heavily depends on them. Microcontrollers

generate the PWM signals, essential for switching, but the low
output voltage requires an intermediary circuit to boost it for
effective switching. This circuit not only enables rapid
switching and reduces energy loss, but also protects the
microcontroller from voltage spikes and offload dissipation,
thereby enhancing system durability and efficiency.
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Fig. 3. Analysis of simulation results for (a) Vi, (b) L., and (c) I, with

FA optimization, at an output reference voltage of 25 V DC.
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Figures 2 and 3 present the simulation results comparing
the effectiveness of the FA in optimizing the control
parameters. They illustrate the analysis results without and with
the application of the FA optimization technique, respectively,
for the case where the reference voltage is set to 25 V DC.
Initially, Figure 2 depicts the performance of the DC buck
converter system with the PI parameters having been
empirically set at K, = 50 and K; = 0.5. As shown in Figure
2(a), the output voltage closely tracks the reference value of 25
V DC, achieving a settling time of 0.003 s. Figures 2(b) and
2(c) display the load and inductor currents, respectively, both
stabilizing quickly without a notable overshoot or prolonged
transients. These results confirm the effectiveness of the
closed-loop digital control approach for the step-down energy
conversion systems. Although satisfactory results are obtained,
the controller parameters are not fully optimized, impacting the
converter’s overall control quality and efficiency.
Consequently, the FA is employed to optimize the PI
parameters, refining them to K, = 0.27 and K; = 9.24 after
two iterations. Figure 3 portrays the improved performance
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with the optimized control parameters, showing a more precise
output voltage with reduced oscillations and overshoot in both
voltage and current, compared to the non-optimized settings.

IV. FA FOR PI OPTIMIZATION

The FA is a metaheuristic optimization technique that
draws inspiration from the natural bioluminescent signaling
behavior of fireflies. It is specifically designed to address
complex, multimodal optimization problems [24, 25]. In the
FA, each firefly represents a candidate solution, with its
"brightness" indicating the quality of the solution as evaluated
by a fitness function. Fireflies are attracted to others with
higher brightness, causing less optimal solutions to move
toward more optimal ones. Through this interactive process, the
population of fireflies progressively converges toward the
global optimum over multiple iterations. A key strength of the
FA is its ability to effectively explore a broad search space,
making it particularly suitable for problems with numerous
local optima.
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Fig. 4. Analysis of simulation results for (a) V,u, (b) I, and (c) I, without
using FA, at an output reference voltage of 18 V DC.

By fine-tuning the light absorption and attraction
parameters, the FA can maintain an equilibrium between
exploration and exploitation, thereby mitigating the risk of
premature convergence during the optimization process.
Compared to other algorithms, such as Particle Swarm
Optimization (PSO) and Genetic Algorithms (GA), the FA
stands out for its simplicity, flexibility, and ease of
implementation [24]. Its ability to precisely adjust parameters
makes it particularly effective for optimizing the PI controller
parameters, where accurate tuning is crucial for achieving

optimal control performance. The FA operates using key
mathematical expressions that govern the movement of fireflies
toward brighter, more optimal solutions within the search
space. The attractiveness of a firefly, denoted as S(r),
diminishes as the distance, denoted as r, between two fireflies
increases, reflecting the natural phenomenon where light
intensity diminishes with distance. Mathematically, the
attractiveness is expressed as:

B(r) = Poe """ (5)

where S, represents the maximum attractiveness when r = 0,
and y is the light absorption coefficient, which controls how
quickly attractiveness decreases with distance.
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Fig. 5. Analysis of simulation results for (a) Vi, (b) L., and (c) I, with
FA optimization, at an output reference voltage of 18 V DC.

This aforementioned mechanism enables the FA to balance
exploration and exploitation, as fireflies are attracted to brighter
solutions while still exploring the search space effectively. By
adjusting parameters, like y and S,, the FA can adapt to
different optimization problems, ensuring convergence to high-
quality solutions. The distance 7;; between any two fireflies i
and j, located at positions x; and x;, respectively, is calculated
using the Euclidean distance formula:

nj = \/Zz=1(xi,k = Xjk)? (6)
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where d is the dimensionality of the solution space. To
simulate movement, each firefly i is drawn toward a brighter
firefly j through:

X =x; + [)’oe_yrizf(xj —x)+a(rand = 0.5) (7)

where the first term models the attraction component, while the
last term introduces random perturbations, with a being
utilized as the randomization parameter and rand as a
uniformly distributed random variable. Together, these
expressions enable the FA to balance exploration and
exploitation, guiding the population toward optimal solutions in
complex optimization landscapes.

The test results with a reference voltage of 18 V DC are
presented in Figures 4 and 5. Once again, the results
demonstrate that the output quality of the DC-DC converter is
well-maintained when the optimization of the controller
parameters is applied, as shown in Figure 5. In contrast,
without the optimization of the controller parameters, the PI
controller can still regulate the output to track the reference
voltage. However, its performance does not reach the same
level of efficiency, as depicted in Figure 4.

To provide a structured guideline on using the FA for
optimizing the PI controller parameters, the following pseudo
code and explanation offer a step-by-step approach for
implementing FA in this specific context. By iteratively
adjusting the PI parameters, FA guides the solutions toward an
optimal configuration. The process is outlined as follows with
the objective function f(x), where x = (Kp, Kl-):

1. Generate initial population: Generate an initial population
of fireflies x; fori = 1,2, ...,n, each with random values
for K, and K;.

2. Evaluate brightness or light intensity: Calculate the light
intensity I; at each firefly position x; using the objective
function f(x;), which reflects the fitness or quality of the
PI parameters.

3. Define light absorption coefficient: Set the light absorption
coefficient y, which controls how quickly attractiveness
decreases with distance.

4. Optimization Loop: While t < MaxIt, where MaxIt is the
maximum number of iterations, for each firefly i = 1:n
and for each other firefly j = 1:n we check if [; > [;,
indicating firefly j has a better solution. If the previous
condition is true then:

a. Move firefly i towards firefly j in the 2-dimensional
space of K, and K;.

b. The attractiveness decreases with distance 7

according to exp( —y - 1).

c. Evaluate the new position of firefly i and update its
light intensity I;.

d. End inner loop for j.

e. End outer loop for i.

f. Rank the fireflies and identify the current best
solution.

g. Gradually reduce the mutation coefficient a to
balance exploration and exploitation.

h. End while loop.

5. Post-Process Results: After completing the iterations,
identify the optimal values for K, and K; from the best-
performing firefly.

6. Update and Visualize: Update the Simulink model with the
optimized K, and K; values. Visualize the convergence of
the best cost over iterations to evaluate the optimization
process.

V. ANALYSIS RESULTS

For this analysis, the input voltage is fixed at 50V DC,
while the target output voltage is examined under two
conditions: 25 V DC and 18V DC, respectively. The carrier
frequency is specified at 2.5 kHz. The key parameters of the
FA are selected as follows: d is 2, MaxlIt is set to 2, the
population size or number of fireflies is 10, y is set to 1, f,
referring to the base attraction coefficient is set to 2, and a is
chosen as 0.2.
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Fig. 6. Comparison of ripple percentage of output voltage and output

current with and without FA optimization at different set voltages: (a) output
voltage ripple and (b) output current ripple.

The comparison of the ripple percentage of the output
voltage and output current with and without FA optimization at
different set voltages is presented in Figure 6. As observed, the
ripple percentage of both current and voltage is significantly
reduced when the FA-based controller parameter optimization
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is applied. The ripple percentage values are calculated
according to the method described in [8]. Thus, applying
optimization techniques like FA enhances the output quality in
DC buck converters without redesigning the circuit or adding
additional passive elements, effectively reducing costs while
improving system performance.

VI. CONCLUSION

This study describes an advanced digital control technique
for optimizing the PI controller parameters in DC-DC buck
converters utilizing the Firefly Algorithm (FA). By addressing
the limitations of conventional manual parameter tuning, the
proposed approach significantly enhances the stability and
performance of the converter under varying conditions. The
simulation results, conducted in the MATLAB/Simulink
environment, validate that the FA-optimized PI parameters
effectively mitigate oscillations and output ripple, thereby
ensuring an improved dynamic response and robust operation.
The proposed method is particularly beneficial for high-
performance applications in advanced energy systems, such as
renewable energy systems, electric vehicle charging, and smart
grids, where reliable voltage regulation is critical. The FA-
based optimization does not require additional circuit
modifications or passive components, rendering it a cost-
effective and scalable solution. As the demand for efficient
energy conversion continues to rise, this research highlights the
potential of intelligent control strategies to improve converter
adaptability and responsiveness, meeting the requirements of
the modern energy applications.
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