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With the growing application of single-ended primary-inductor converter
(SEPIC) converters in power electronic systems, precise output voltage
regulation under uncertainties and nonlinear conditions remains a significant
challenge. Although internal model control (IMC) effectively addresses
issues arising from unstable zeros and fixed time delays in non-minimum

phase systems, its performance can degrade under large transient errors or

sudden disturbances, leading to control signal saturation and instability. In
this study, a modified IMC scheme is proposed, which integrates a variable
switching function into the control structure. This addition enhances the
robustness of the system by dynamically adapting the control effort to
mitigate abrupt changes in the control signal and stabilize the output voltage.
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Optimization ) Furthermore, it prevents controller saturation during large-signal deviations,
Single-ended primary-inductor thereby improving transient response and maintaining system stability. The
converter design parameters of the controller are optimized using the gray wolf

algorithm to achieve an optimal balance between voltage overshoot, settling
time, and closed-loop stability. Simulation results under various operating
conditions confirm the superior performance of the proposed control method
compared to conventional IMC.
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1. INTRODUCTION

Modern energy and transportation systems depend on power electronic converters to efficiently
convert and manage electrical power for many uses. They efficiently scale voltage levels up or down,
enabling power supply and load integration. The single-ended primary inductor converter (SEPIC) is a
crucial converter topology for applications needing a variable output range. Adjusting the duty cycle allows
the SEPIC converter to generate an output voltage lower, equal to, or greater than its input while retaining
non-inverted polarity. It can buck and boost with minimal input current ripple and a ground-referenced switch [1].

Power converters, especially SEPIC converters, need precise management to maximize
performance. Direct current to direct current (DC-DC) converters are nonlinear, time-varying systems, and
the SEPIC architecture makes control plant design difficult. A fourth-order system with complicated
dynamics makes controller design and stability analysis difficult. Like other boost-derived converters, the
continuous-conduction-mode SEPIC has a right-half-plane zero in its control-to-output transfer function [2].
The right-half-plane (RHP) zero creates an initial inverse reaction (output drops while duty rises) and a 180°
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phase lag, severely restricting control bandwidth. RHP zero and higher-order resonances of the SEPIC might
impede closed-loop responses or cause instability if not adequately accounted for [3]. In practice, the
converter must maintain a constant regulated output despite input voltage changes and load transients. A
robust controller must reject disruptions from solar panels or batteries and maintain output in renewable
energy applications. Normal linear controllers built for small-signal models typically fail under large-signal
fluctuations. The SEPIC converter needs sophisticated control algorithms to achieve quick transient response,
little overshoot, and high disturbance rejection [4]. In conclusion, the SEPIC’s nonlinear and non-minimum-
phase features make high-precision control vital and difficult, prompting substantial study into converter
control methods [5]-[7].

Nonlinear, variable-structure resilience DC-DC converters employ sliding mode control (SMC).
SMC uses a switching control rule to keep the system’s state trajectory on a “sliding surface” insensitive to
shocks and parameter changes. Because SMC handles nonlinear behavior and huge signal shifts, SEPIC
converters perform better than linear controllers. A real SEPIC converter’s control input (duty cycle) is
limited to 0 and 1 and varies only at the switching frequency, which must be addressed in design. SMC with
fixed-frequency modulation or smoothing filters may operate for SMC. High-reliability applications employ
SEPIC converters because they can withstand huge shocks and component uncertainties. SMC provides
stronger regulation and stability margins than linear controllers but requires a more sophisticated switching-
type control rule to prevent chattering [7].

Online controller settings are updated via adaptive control to response to system or environmental
changes. SEPIC converter performance can be maintained in all conditions with adaptive control due to its
sensitivity to parameter and operating-point adjustments. Adaptive sliding control (ASC) SEPIC provides
adaptive SMC. Self-tuning controllers dynamically change sliding surfaces or control gains to reduce noise
and increase robustness. As said, SMC chattering needs aggressiveness switching. Adaptive sliding mode
control (ASMC) approaches meet sliding mode criteria without extra control effort by restricting switching
magnitude to the lowest permissible level [8]. The controller may smooth converter control in calm
conditions and push to high gain (and chattering) during major interruptions in real time. This adaptability
maintains sliding mode’s endurance and performance in different circumstances with minimum chattering.
Adaptive SMC designs for SEPIC converters moderate input voltage variations quicker and with less
overshoot than fixed SMC laws by changing the sliding surface slope [9]. Gain scheduling modifies
proportional-integral-derivative (PID) gains by operating area, and model reference adaptive control
(MRAQC) requires the converter to follow an adaptive reference model behavior. The researcher used MRAC
on SEPIC converters to control unexpected load levels and maintain a reference dynamic output voltage.
Self-tuning regulators alter controller settings via neural networks or fuzzy logic. SEPIC adaptive control
manages system uncertainty and drift reliably [10]. In adaptive SMC, variable-structure robustness and
adaptive tracking provide online learning and control. Adaptive schemes may challenge the controller design
and the adaptation mechanism. Overshooting and adaptive law convergence need research or design. Thus,
the adaptive controller must operate quickly. Modern digital processors can accomplish this, making the
design harder. SEPIC converters benefit from adaptive control in wide-range or unpredictable settings.
Online controllers may self-tune to enhance SEPIC performance across their operational envelope, unlike
fixed-gain controllers [11].

High-resolution digital pulse-width modulators (DPWMSs) and analog-to-digital converters (ADCs)
enhance digital control of SEPIC converters by addressing sampling and synchronization challenges. Co-
designing the converter and controller simplifies the system, with current-mode control and coupled
inductors reducing unwanted high-order effects. Effective digital algorithms require a stable analog power
stage, enabling SEPIC converters to implement advanced inner current and outer voltage loops. Digital
control allows for high-performance, adaptive, and reliable SEPIC regulation when designed with proper
synchronization and consideration of sampling effects [12]-[14]. Shawky et al. [15], a non-isolated dual-
input converter is proposed for simultaneous use of solar cells alongside energy storage systems. The
proposed structure is a combination of a buck-boost converter and a boost converter, which consists of four
power switches and four diodes. Zadehbagheri et al. [16], a new non-isolated dual-input converter is also
proposed, which, due to the direct connection of the inputs and the output to each other, is only used in
contexts where isolation of the output from the inputs is not required. Al Sakka et al. [17], considers a digital
control method for the optimal time-dependent loading stage response of SEPIC converters for point-of-
loading applications using low ESR output capacitors. Tuan et al. [18], a converter with a combined structure
of capacitive switching and inductive switching along with a classic SEPIC converter is presented. This
converter has a high voltage gain but the current stress and voltage stress on the power switches are high.
Gao et al. [19], a new DC-DC converter with SEPIC structure without using coupling inductor with high
voltage gain is proposed, which has high efficiency and high converter reliability. The proposed converter is
suitable for use in photovoltaic (PV). Zadehbagheri et al. [20], a PV system controlled using two tracking
algorithms perturb and observe (P&O) (traditional method) and Fuzzy logic-based proportional-integral
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controller (Fuzzy-PI) (intelligent method) for maximum power point tracking (MPPT) controller is presented.
In addition, in the control signal application section, a SEPIC converter is used. This system is studied under
normal weather conditions and partial shade.

In this study, a novel control approach is proposed for the SEPIC converter: an internal model control
(IMC) strategy optimized by the gray wolf (GWO) algorithm, integrated with a variable switching function.
This innovative scheme combines the strength of IMC, known for excellent disturbance rejection and handling
of non-minimum-phase systems, with a variable switching function concept that enhances control flexibility and
robustness. The GWO optimization metaheuristic is employed to automatically tune the IMC parameters and
the switching function, ensuring optimal closed-loop pole placement and dynamic response. By merging a
variable-structure control element with an optimally tuned IMC, the proposed controller achieves superior
voltage regulation performance for the SEPIC converter, offering improved stability and transient response
beyond what conventional PID, SMC, or other existing methods can deliver [15], [20].

2. METHOD
2.1. Modeling of a SEPIC converter

Selecting an appropriate DC-DC converter topology depends on factors such as switching losses,
voltage gain, output current and power levels, cost, operating modes, and application requirements. The
SEPIC offers distinct advantages over other types, including reduced input current ripple and electrical
isolation between input and output via a series capacitor. Its non-inverting output and versatility enable both
step-up and step-down operation, as shown in Figure 1.
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Figure 1. Structure of SEPIC

A notable characteristic of the SEPIC converter is its phase-independent behavior, exhibiting a
known output delay that introduces a RHP zero in the transfer function. This RHP zero complicates control
by limiting gain, slowing response, and increasing the risk of overshoot, oscillation, or instability. These
challenges underscore the need for advanced control strategies tailored to the SEPIC converter’s unique
dynamics [15], [16], [21].

A conventional SEPIC converter can be divided into three segments in view of the power
conversion and control process of the converter. At the first segment, ac to dc rectification is accomplished
using a traditional diode bridge. However, instead of a diode bridge, alternating current (AC) to DC
rectification can also be achieved with semiconductor switches in bird geless SEPIC configuration. In the
second stage, high—frequency switching operation is performed. As a result of this stage, the output power
either decreases (buck operation) from the input or increases (boost operation) depending on the duty ratio of
the switch. The final stage before the output is the remaining portion of the DC-DC SEPIC converter,
consisting of reactive elements and an associated freewheeling diode. The configuration of the SEPIC
converter varies based on the state of the control signal, which alternates between zero and one. This
switching action alters the conduction paths within the circuit, resulting in different operating modes as
illustrated in Figure 2 [22], [23].

In Figure 2(a), the SEPIC converter operates with a control signal of one, activating the switch and
turning the diode off. In contrast, Figure 2(b) depicts the switch in the off state (control signal zero), allowing
the diode to conduct. For modeling simplicity, both the switch and diode are idealized as short circuits when
conducting and open circuits otherwise thus ignoring switching and conduction losses. By applying
Kirchhoff’s laws to these two states, switching equations are derived to describe the converter’s dynamic
behavior under both conditions of the control signal D [20], [22].
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Figure 2. Equivalent circuit of the SEPIC converter in the case of (a) control signal one and diode off and
(b) control signal zero and diode on
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Followed by small-signal modeling around these points. This approach addresses nonlinearities from the
input voltage and control signal interactions by assuming small perturbations. As a result, a linearized state-
space model with the control signal as input is derived.
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As observed, capacitor C2 is connected in parallel with the output load, which means the voltage
across C2 directly represents the converter’s output voltage. Consequently, in the state-space representation,
the output matrix C is defined as [0 0 0 1], indicating that only the state corresponding to the voltage across
C2 contributes to the output. Based on this configuration, the transfer function that relates the control input
(the duty cycle D) to the output voltage can be derived accordingly.
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The numerator and denominator parameters of the SEPIC converter’s transfer function are derived
from its physical components, including inductance, capacitance, load resistance, and switching frequency.
These parameters define the system’s dynamic characteristics by determining the locations of poles and zeros.

Notably, the presence of a RHP zero arising from the converter’s inherent structure affects the phase response
and complicates controllability, making accurate modeling essential for effective control design [24], [25].
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An examination of the fractional form presented in (3) reveals the existence of an unstable zero,
specifically, an RHP zero in the transfer function. This RHP zero introduces a phase lag and is functionally
equivalent to a constant time delay in the system’s output response. As a result, the SEPIC converter exhibits
non-minimum phase behavior, meaning that its output voltage initially responds in the opposite direction of
the intended change when the control signal is varied. This dynamic characteristic poses a challenge for
controller design, particularly in achieving fast and stable regulation. Utilizing the parameter values specified
in Table 1, the open-loop transfer function of the system is derived and presented as (6).

Table 1. Parameters values of the SEPIC converter

Parameter Values
Vi 12V
Vout 24V
C, 30 uF

C, 192 uF

Ly 20 uH

L, 100 uH

R, 10 ohms

Switching frequency 30 kHz

G(s) = —(3.75%10%)s3+(3.75%¥10%)s%—(8.33%1012)s+(1.04+1018) (6)
T 5%+(520.8)s3+(3.68+108)s2+(1.73¥1011)s+(9.64+1015)

2.2. Design of the internal model controller

The IMC approach is especially effective for systems with phase-independent behavior and known
time delays, such as the SEPIC converter. These systems often feature a RHP zero, representing an intrinsic
delay that complicates traditional control design. IMC overcomes this challenge by explicitly modeling the
system delay and integrating it within the control architecture, thereby enabling improved stability and
performance in the presence of non-minimum phase dynamics. To address the challenges posed by the
SEPIC converter’s unstable zero, the system’s transfer function is decomposed, enabling the design of a
tailored controller that accounts for its non-minimum phase characteristics. A key element in this design is a
tuning parameter that dictates closed-loop pole placement and influences overall dynamic response. This
parameter is optimized using the GWO algorithm to strike a balance among key transient performance
indicators, including overshoot, settling time, and stability. Figure 3 presents the block diagram of the
proposed control scheme, illustrating the IMC framework and its components. The diagram depicts the signal
flow, the integration of the system model and filter design, the treatment of disturbances, and the
optimization process, offering a comprehensive view of the control architecture.

GWO

(1 (1)
r(t) € "I FG)

Figure 3. Block diagram of the proposed method

In the proposed control structure illustrated in Figure 3, the various components serve the following
roles: r(t) denotes the reference signal, e(t) is the error computed as the difference between the output y(t)
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and the reference input r(t), d(t) represents external disturbances acting on the system, y(t) is the actual
system output, GWO refers to the GWO algorithm used for tuning the controller parameters, C(s) is the
internal model controller to be designed, F(s) is a low-pass filter constructed based on the nature of the
reference signal to ensure realizability and robustness, G(s) represents the actual transfer function of the
SEPIC converter, and Gy, (s) denotes the model used within the controller structure (i.e., the internal
model).

To construct the internal model controller, the open-loop transfer function obtained in (6) must be
decomposed into two separate transfer functions: G + (s), which encapsulates the non-minimum phase
components, including the unstable zero and time delay, G — (s), which includes the remaining stable
dynamics of the system. Based on the above, the (7) is written.

G(s) =G_G,
_ —(37500)s%—(3.79%10%)s%—(1.24+1013)5—(1.04+1018)

T 5%+(520.8)s3+(3.68+108)s2+(1.73%1011)s+(9.64%1015)
5—100540

"~ 5+100540

(7

+

As shown in Figure 3, the internal model controller C(s) is derived by inverting the stable part of
the system transfer function G(s), as defined in (8). This inversion enables accurate compensation of
predictable plant dynamics. A filter F(s), defined in (9), is then applied to shape the controller’s frequency
response. The filter order nnn and tuning parameter A influence the closed-loop pole locations and
bandwidth, ensuring controller realizability and preventing non-causal or overly aggressive behavior. The
final IMC-based controller Q(s) is constructed by combining C(s) and F(s), as shown in (10). This final
controller Q(s) governs the system’s control law, and its performance is heavily dependent on the choice of
the design parameter A. The parameter is subsequently optimized using the GWO algorithm to achieve the
desired transient and steady-state characteristics.

C(s) =G(s)?t (8)
F(s) = 290 ©)
Q(s) = F()C(s) (10)

By optimizing the controller Q(s) with respect to the tuning parameter A, the location of the closed-
loop poles can be strategically adjusted to ensure a stable and responsive output voltage in the SEPIC
converter. The parameter A directly influences the dynamics of the filter F(s), and thus plays a critical role in
determining the system’s transient behavior, including settling time, overshoot, and robustness to
disturbances. To achieve optimal performance, the GWO algorithm is employed to determine the most
suitable value of A1 automatically.

2.3. Gray wolf algorithm

The GWO algorithm is a bio-inspired metaheuristic that simulates the social hierarchy and
cooperative hunting strategies of gray wolves. It categorizes wolves as alpha, beta, delta, and omega, with the
top-ranking wolves guiding the search toward the global optimum symbolized as prey. Wolves iteratively
adjust their positions based on the leaders’ guidance, balancing exploration and exploitation throughout the
search space. This strategy enables GWO to efficiently handle complex, nonlinear, and high-dimensional
optimization problems, making it particularly effective for tuning control parameters in dynamic systems like
power converters [17]-[19]: i) strong global search capability with balanced exploration and exploitation;
ii) simple implementation with few control parameters; iii) high convergence speed in nonlinear problem
domains; iv) robustness in avoiding local optima; and v) adaptability to diverse engineering applications,
including real-time control systems. These characteristics make the GWO algorithm particularly well-suited
for optimizing IMC parameters in SEPIC converters, where achieving a balance between stability, dynamic
responsiveness, and robustness is essential. GWO has gained increasing prominence for its effectiveness in
addressing complex, nonlinear optimization tasks with high reliability and computational efficiency. In this
study, GWO is applied during an offline optimization phase, subsequent to the initial IMC design. The
primary objective is to determine the optimal tuning parameter A, which directly influences the placement of
the closed-loop poles and thus governs the system’s dynamic behavior affecting stability, transient speed, and
robustness. Figure 4 shows the flowchart of the GWO algorithm with details on the optimization process.
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Figure 4. Flowchart of the GWO algorithm

To evaluate performance and guide the optimization, a cost function T, defined in (11) is
formulated. This function integrates three essential performance indices to quantify and enhance the SEPIC
converter’s output voltage regulation: voltage overshoot, settling time, closed-loop stability index.

T = W, (0S) + W,(ST) + Wy(SI) (11)

Where, T: total cost function value to be minimized, 0S: overshoot in the output voltage, ST settling time of
the output response, SI: stability index, reflecting how well the system maintains stability under
perturbations, W,, W,, Wj: weighting coefficients that determine the relative importance of each performance
metric. By appropriately selecting the weights W1, W2, and W3, the cost function can be tailored to
prioritize specific aspects of performance (speed vs robustness), enabling the GWO algorithm to find the
optimal value of A that delivers the best overall control behavior for the SEPIC converter.

Each component is weighted according to its relative importance, enabling the optimization to target
a balanced trade-off between speed and stability. The parameter A is constrained within the range 0.001< A <
1 to ensure practical realizability and system responsiveness. Table 2 outlines the definitions and values of
the optimization parameters, including the number of iterations, population size (number of wolves), and
weights assigned to each term in the cost function. Figure 5 illustrates the convergence behavior of the
optimization process, demonstrating the progressive reduction of the cost function over iterations. This
confirms the effectiveness of the GWO algorithm in identifying a near-optimal controller configuration for
the SEPIC converter [19], [25], [26].

Table 2. Optimization parameters

Parameter Values
Number of steps 100
Number of wolves 50
oS Overshoot
ST Settling time
SI Stability index
w; voltage overshoot weight
w, Settling time weight
Ws Stability index weight
A 0.005
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Figure 5. Cost function reduction graph versus stage

2.4. Integration of variable switching frequency with optimized internal model control
While the GWO algorithm—optimized internal model controller offers a solid foundation for
handling the SEPIC converter’s non-minimum phase characteristics, integrating a variable switching
frequency mechanism further enhances system performance. This strategy modulates switching frequency in
proportion to the control error magnitude, enabling rapid response to large deviations and minimizing
switching in steady states. By linking frequency adjustment to the absolute output-reference voltage error, the
method effectively tackles two key challenges in power converter control: improving transient
responsiveness and reducing switching losses:
—  Improved dynamic response during large transients by increasing the switching frequency, thereby
enhancing control granularity and responsiveness.
—  Reduced switching losses and stress under near-steady-state operation by lowering the frequency,
contributing to greater efficiency and reliability.

The proposed switching frequency f; is defined as:

fs(©) = foase - W - [e(D)] (12)

where: f;(t): instantaneous switching frequency at time t, f.s.: base switching frequency under nominal
conditions, W: design weight determining the sensitivity of frequency modulation, | e(t) |: absolute value of
the control error at time ¢.

The proposed formulation dynamically adjusts the switching frequency based on the tracking error
magnitude. During significant disturbances such as abrupt load or input changes the frequency increases,
enabling finer control and faster error correction. In steady-state conditions, the frequency decreases to
reduce switching losses. Key advantages of this hybrid control approach include:

— Improved voltage stability with smooth transitions and minimal overshoot

—  Lower control signal oscillations and reduced risk of actuator saturation

— Automatic adaptability to changing operating conditions without manual tuning
—  Enhanced energy efficiency by limiting switching during low-error states

The variable switching mechanism operates alongside the IMC-GWO control loop, using the error
signal to modulate switching frequency in real time. This integration unites model-based precision with
adaptive responsiveness, achieving robust voltage regulation under diverse conditions.

3. RESULTS AND DISCUSSION

Figure 6(a) shows the SEPIC converter’s output voltage under a non-optimized internal model
controller with fixed switching frequency. While aiming for a constant 10 V reference, the controller exhibits
slow rise time and fails to reach the target within 1 second, resulting in steady-state error. The output displays
step-like increments and prominent high-frequency oscillations, indicating poor damping and limited
dynamic performance. These deficiencies underscore the necessity of controller optimization and adaptive
switching frequency to improve voltage regulation accuracy, stability, and responsiveness. Figure 6(b)
illustrates the SEPIC converter’s output voltage response in step-down mode, where a lower reference is
tracked. The proposed controller an Internal model controller optimized by the GWO algorithm with variable
switching frequency achieves fast settling, minimal overshoot, and low steady-state error. Adaptive switching
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frequency enhances transient performance by increasing control resolution during high-error periods. Voltage
regulation remains stable with bounded oscillations, and control input avoids saturation despite abrupt
transitions. These results confirm the method’s robustness and precision in managing the SEPIC converter’s
right-half-plane zero during step-down operation.
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. . . . . L
0 0.2 0.4 0.6 0.8 1 o 0.2 0.4 0.6 0.8 1
Time (seconds) Time (seconds)

(a) (b)

Figure 6. SEPIC converter’s output voltage: (a) output voltage response using non-optimized IMC with fixed
switching frequency and (b) output voltage tracking based on reference in step-down mode

Figure 7(a) shows the SEPIC converter operating in boost mode, raising the output above the input
voltage. The proposed controller an Internal model controller optimized by the GWO algorithm with variable
switching frequency achieves fast and accurate tracking of the 24 V reference. The output stabilizes within
0.15s with minimal overshoot and negligible steady-state error. Adaptive switching frequency enhances
transient response and control resolution, while bounded high-frequency oscillations indicate a well-managed
trade-off between switching efficiency and stability. Figure 7(b) illustrates the output voltage behavior of the
SEPIC converter under external disturbances, including white noise and a step change in reference. Despite
these conditions, the proposed controller combining an Internal model controller optimized via the GWO
algorithm and variable switching frequency demonstrates strong robustness. It achieves rapid convergence to
both 10 V and 24 V reference levels with minimal overshoot and sustained tracking accuracy, indicating
effective disturbance rejection and dynamic adaptability.
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Figure 7. Output voltage: (2) output voltage tracking based on reference in boost mode and (b) output voltage
tracking based on a reference in noise mode with variance 0.1 and step reference
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Figure 8(a) presents the SEPIC converter’s response to a sudden load decrease from 10 Q to 5 Q,
simulating high-demand conditions. The proposed control strategy based on an Internal model controller
optimized by the GWO algorithm and enhanced by variable switching frequency ensures robust voltage
regulation. The output initially tracks the 10 V reference with minimal overshoot. Following the load step, a
brief voltage sag occurs but is rapidly corrected with negligible undershoot. Increased switching frequency
during error peaks enhances transient response. The system re-stabilizes with minimal ripple, confirming the
controller’s effectiveness under dynamic, nonlinear loading. Figure 8(b) depicts the SEPIC converter’s
output response as the input voltage increases from 17 V to 20 V over 0.5 seconds, assessing performance
under input-side disturbances. The proposed controller featuring a GWO algorithm-optimized Internal model
controller and variable switching frequency achieves rapid tracking of the 24 V reference with minor
overshoot and ripple. During the input step, a brief deviation occurs, followed by smooth recovery. Adaptive
switching frequency enhances transient correction. The system stabilizes promptly without steady-state error
or oscillation, demonstrating strong input disturbance rejection and reliable voltage regulation in fluctuating
supply conditions.

Table 3 compares the proposed method with existing SEPIC converter control strategies.
conventional PID controllers are simple to implement but perform poorly under nonlinear dynamics and
right-half-plane zero, yielding limited steady-state precision and weak disturbance rejection. SMC enhances
robustness and handles nonlinearity but suffers from chattering and implementation complexity.
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Figure 8. Output voltage tracking: (a) output voltage tracking based on reference in output load mode from
10 ohms to 5 ohms and (b) based on reference in input voltage mode from 17 to 20 volts

Table 3. Comparative evaluation of control methods for SEPIC converters

Control method I;Ilonlir}ear quustness to Response Steady-state Overshoot Adaptivity lmplementgtion
andling disturbance speed accuracy control complexity
Conventional PID Low Low-moderate =~ Moderate Moderate Moderate None Low
(9]
SMC [6] High High Fast High Good Partial High
Fuzzy logic control High Moderate Fast High Limited Partial Moderate
(FLC) [15]
Model predictive High High Fast High Good High Very high
control (MPC) [19]
Adaptive neural Very high High Moderate— High High Very high Very high
control [20] fast
Proposed IMC— High Very high Very fast Very high Excellent High Moderate

GWO + variable f

FLC and MPC offer better adaptability to nonlinearities. However, MPC requires accurate models
and high computational resources, while FLC lacks formal stability assurances. Adaptive neural controllers
are flexible and capable of learning but are complex and difficult to train. The proposed IMC-GWO
controller with variable switching frequency offers a balanced solution effectively managing nonlinearities,
ensuring fast disturbance response, and maintaining overshoot-free voltage tracking. GWO optimization aids
in optimal pole placement, while variable frequency improves precision during transients and reduces
switching in steady-state. Its efficiency and simplicity make it suitable for real-time embedded power
electronic systems. The effect of the PID controller on the SEPIC converter is shown in Table 4.

Optimized IMC with GWO algorithm and variable switching function for voltage regulation ... (Reza Fazeli)



268 a ISSN: 1693-6930

Table 4. The effect of PID controller on the SEPIC converter

Controller type Settling time Overshoot Rise time Steady-state error
Proportional control Small change Increase Decrease Decrease
Integral control Increase Increase Decrease Delete
Derivative control Decrease Decrease Small change Ineffective

4. CONCLUSION

This study employed a hybrid control strategy combining a GWO tuned IMC with a variable
switching frequency mechanism to achieve reliable and efficient output voltage regulation for the SEPIC
converter. The proposed method addresses the challenges associated with SEPIC topology, including non-
minimum phase behavior, right-half-plane zero, sensitivity to disturbances, and parameter variability.

Metaheuristic optimization was used to fine-tune the IMC framework for optimal pole placement,
enhancing transient response and overall system stability. The variable switching frequency adapted in real
time to the magnitude of control error, improving nonlinear performance while minimizing signal saturation
and switching losses. Simulation results under diverse operating conditions including step-down and boost
modes, noise interference, load transients, and input voltage variations demonstrated fast settling time,
minimal overshoot, high tracking accuracy, and strong disturbance rejection. The adaptive switching function
enhanced control resolution during transients and maintained output stability in steady-state operation. In
conclusion, the proposed control methodology provides a robust and adaptive solution for SEPIC converter
regulation, enabling accurate and efficient voltage management in complex, real-world environments through
the integration of model-based control, intelligent optimization, and frequency adaptability. The following
are suggested as future studies: To investigate different algorithms for controlling the internal model of
SEPIC converter and make appropriate load and weather estimations for small- and large-scale renewable
energy-based power systems-To investigate smart technology techniques for scheduling for SEPIC converter
algorithms to enable optimal reserves to ensure flawless operation of the power system when renewable
energy sources are widely integrated.
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