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DC-DC converters are essential in regulating voltage levels within DC power
systems, relying on high-efficiency electronic switching devices such as
MOSFETs to ensure effective power conversion. Despite their widespread
use, one of the major challenges encountered in practical implementations lies
in accurately tuning controller parameters particularly for nonlinear
approaches such as the Backstepping controller. While recent studies have
demonstrated the effectiveness of particle swarm optimization (PSO) in
enhancing Backstepping control performance, further improvements remain
possible. In this work, we propose the grey wolf optimization (GWO)
algorithm as an advanced and efficient technique for the optimal tuning of
backstepping controller parameters. The goal is to minimize the voltage
tracking error between the reference and the output of the DC-DC buck
converter, ensuring enhanced dynamic response and stability. Additionally,
the proposed control strategy has been experimentally implemented and
validated in a photovoltaic context, demonstrating its practical relevance and

strong potential for real-world energy conversion applications.
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1. INTRODUCTION

The increasing demand for energy across various voltage levels has significantly driven the
advancement of power electronics, particularly DC-DC converters, which are widely used due to their
compactness and high efficiency compared to linear regulators [1], [2]. These converters are key components
in diverse engineering applications such as maximum power point tracking (MPPT), photovoltaic (PV)
systems, battery charging, and voltage regulation [3]. Designing an effective control strategy for such systems
requires a precise mathematical model that captures the relationship between system inputs, state variables,
and outputs [1]. However, the inherent nonlinearity of DC-DC converters especially within PV systems poses
challenges in ensuring stability. While linearization techniques are often employed to approximate system
behavior [4], nonlinear control strategies such as backstepping and sliding mode control have demonstrated
superior robustness and stability characteristics [5], albeit at the cost of increased steady-state error and
chattering effects.

Moreover, conventional control approaches like PID and fuzzy logic controllers are often limited by
their sensitivity to system disturbances, leading to undesired fluctuations in output power and degraded power
quality [6], [7]. To overcome these limitations, this work proposes the use of the backstepping control
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technique, originally introduced by Krsti¢ et al. [8] in 1991, to regulate the output voltage of a buck converter.
Since the performance of the backstepping controller is highly dependent on the tuning of its internal
parameters, modern metaheuristic optimization techniques such as particle swarm optimization (PSO) and
genetic algorithms (GA) have been employed in prior studies [8], [9]. In this paper, the grey wolf optimizer
(GWO) a nature-inspired algorithm based on the social hierarchy and hunting behavior of grey wolves [10] is
applied to optimally tune the parameters of the backstepping controller. This study focuses on developing a
comprehensive model and appropriately sizing the parameters of a buck converter operating in continuous
conduction mode (CCM), taking into account fluctuations in both input voltage and load conditions. The
converter model is established using the state-space averaging (SSA) approach within the MATLAB/Simulink
environment. To achieve accurate voltage regulation, a backstepping control law is implemented, and its
parameters are optimized through the grey wolf optimization (GWO) algorithm. Recent research has shown
that GWO outperforms particle swarm optimization (PSO) and genetic algorithms (GA) when tuning
controllers for DC-DC converters in photovoltaic (PV) systems, due to its effective exploration strategy and
faster convergence. For example, a comparative study by Baraean et al. [11] demonstrated that controllers
based on GWO deliver higher efficiency and enhanced stability in PV applications compared to PSO- and GA-
based designs. Similarly, Krishnaram et al. [12] reported that GWO maintains robustness under dynamic
environmental changes, improving voltage regulation in PV systems. These results highlight the potential of
GWO to enhance both the performance and reliability of DC-DC converters in PV applications. Moreover, the
proposed converter and GWO-based controller are validated experimentally. The structure of this paper is
organized as follows: Section 2 presents the modeling and parameter sizing of the buck converter; Section 3
describes the backstepping controller and its implementation; Section 4 explains the integration of GWO for
parameter optimization; subsequent sections detail simulation and experimental results, followed by
performance evaluation and concluding remarks.

2. MODELLING AND DESIGN OF BUCK CONVERTER

Renowned for its simplicity and extensive use in power regulation, the buck converter is widely
employed in power electronics applications. Its primary function is to reduce a higher input voltage to a desired
lower output voltage while maintaining efficient energy conversion. The basic schematic of a buck converter with
a resistive load is presented in Figure 1 [14], illustrating its fundamental components and operating structure.

2.1. The operating modes of the buck converter

The buck converter can operate in two distinct modes: continuous conduction mode (CCM) and
discontinuous conduction mode (DCM). In this work, the focus is on modeling and parameter sizing of the
buck converter in CCM. In this mode, the converter alternates between only two switching states: “S on, D
off” and “S off, D on.” Moreover, the inductor current never reaches zero [15]. Consequently, the analysis
considers the converter in these two switching conditions. Such circuits are commonly referred to as series
converters, as the energy flows directly from the source to the load.

Figure 2 shows the operation of switch S, during which the source energy is delivered to the load while
also being stored in the inductor [16]. When the switch is turned off, the diode allows the inductor to release its
stored energy. Figure 3 illustrates the buck converter circuit when switch S1 is in the open state [17], [18].
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2.2. State space modelling of DC-DC buck converter

This section introduces the state-space averaging (SSA) technique to mathematically represent the
DC-DC converter under various operating conditions in continuous conduction mode. By applying Kirchhoff’s
Voltage Law (KVL) and Kirchhoff’s Current Law (KCL), the differential equations describing the converter’s
state variables during the ON state of MOSFET S1 are derived as (1) [19].

dip, _ Vip—V¢

dt L
We_ i_ Ve @
dt ¢ RC

Similarly, for the OFF state of the switch, the representation in state space is transformed into (2) [20].

diy _ -V

ac L
we_u_ v @
dt ¢ RC

In matrix form, in (1) and (2) can be respectively shown as (3).
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For each switching position, the system is linear; therefore, (3) and (4) are defined by state-space equations in
the standard form as (5) and (6) [21].

X=A4,X+Bu (5)
Were, X = [x;x,]7.

The term x is the buck converter state vector defined as inductor current i and capacitor voltage vc ,x
it’s derivative and u is the converter DC input vector. Az, B1 represent the status of input matrices for the switch
ON state, and Ay, Bz represent the status of input matrices for the switch OFF state. To represent the dynamic
of the system and to find the averaged behavior of the buck converter over one switching period, the SSA
method is used. By defining the duty cycle “d” as a weighting factor and using (3) and (4), the SSA equation
in CCM is obtained:

X=AX+Bd @
Where the complete state matrix is (8).

A=A1d+Ay(1-d) (8)

B=B1d+B,(1-d) 9)

Hence, the dynamic equation of the system can be described by [1].

diy
dt | _
dve| =
dt

2.3. Designing of DC-DC buck converter parameters
Assuming the duty cycle of the buck converter operating in CCM is given by (11) [22].

1 1
L2y [V
LR L[L]+[L]d (10)

-1
RC
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Int J Pow Elec & Dri Syst, Vol. 17, No. 1, March 2026: 640-652



Int J Pow Elec & Dri Syst ISSN: 2088-8694 a 643

d =2 (11)

Vin

The duty cycle varies depending on the applied input voltage in order to have a constant output voltage.
For a buck converter, the ripple of the current in the inductance can be demonstrated by (12) [23].

Al = dx =XV (12)

The ripple of the current is influenced by the frequency of the PWM signal, the duty cycle, and the L induction
coefficient. So, the inductance value is calculated by (13) [24].

1-d
Lmin = d X Tl,fx Vin (13)

And ripple in the output capacitor is considered to be 0.2% of the output voltage.

_ Vex(1-d) (14)

T 8XLXf? X AVout

Employing Schottky diodes eliminates reverse recovery issues, which in turn reduces extra switching losses.
The effective (RMS) current flowing through the diode is given by (15).

id(eff):ie\/ (1 - D) \/(lls__D) (15)

3. METHOD
3.1. Backstepping controller

Controllers based on the direct Lyapunov method offer a better alternative. The approach consists of
finding a triplet (Lyapunov function, control law, adaptation law) that meets the specifications and takes into
account the dynamics of the system [25]. Backstepping is the algorithm that has made this approach applicable
to a large class of systems, independently of their order [26].
Step 1: The first error variable is defined by (16).

& =% — Vier (16)
With these variables, the system (16) is written (17).

€ =X — l./ref = x?z - ;f_(l: - Vref 17)

For such a system, the quadratic function V1 is a good choice of the Lyapunov control function. Its derivative
is given by (18).
1
Vi(e) = ;512 (18)

X2 X1

Vi =6 = & (_ o Vref) (19)

C RC

A judicious choice of x, would make V- negative and ensure the stability of the origin of the subsystem
described by (19). Take as the value of x; the function a; such that and the derivative is written [27]:

Vl = _Klglz < 0 (20)

Hence, the asymptotic stability of the origin of (19).

X2 X1

c RC

Vref = —K1€1 (21)

Where ki1 > 0 is a design parameter. This gives in (22).
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xdy = C (—Ky&y + Vyep +22) (22)
Step 2: We consider the subsystem (16), and we define the new error variable:

& = Xy — xd, (23)
Which represents the deviation between the state variable x; and its desired value a:. Because x. cannot be
forced to instantaneously take on a desired value, in this case, the error &; is not, instantaneously, zero. The

design in this step consists, then, in forcing it to cancel itself with a certain dynamic, chosen beforehand.
For which we choose as the Lyapunov function [27]:

1 1
Vo(ey,82) = 5512 + 5522 (24)

The latter has the derivative (25).

VZ = glél + Ezéz
. 1 1 . 1 Ve :
VZ = ‘91 [((22 + xdz)E _Exl - Vref) + (82 _le +TB - xdz)]

1 1 Ve .
=—Ki&% + & (Eel S xdz) (25)

Now we have the real u command, which is formulated as (26) and (27).

1 1 Ve -

& Xt B —xdy = —Kze, (26)
L . 1 1

g = V—e(—Kzsz +xdy +7x; —Eel) (27)

Where k;> 0 is a second design parameter. With this choice, we have in (28).
VZ = —Klglz + _Kzfzz (28)

3.2. Grey wolf optimizer

Grey wolves are classified as apex predators, occupying the top tier of the food chain. They usually
form packs, with an average size of 5 to 12 members. Importantly, these packs maintain a strict dominance-
based social hierarchy, as shown in Figure 4 [29]. From a mathematical perspective, the three best candidate
solutions in the GWO algorithm are denoted as alpha (a), beta (B), and delta (5). All other candidate solutions
are classified as omega (o). The search and hunting behavior in GWO is directed by the alpha, beta, and delta
wolves, whereas the omega wolves adjust their positions by following these leading solutions. The pseudocode
of the GWO algorithm is presented in Algorithm 1 [30].

Algorithm 1. Grey wolf optimization algorithm
Initialize the grey wolf population Xi, i=1,n
Initialize a, Aand C
Calculate the fitness of each search agent
X, = the best search agent
Xp = the second best search agent
Xs = the third best search agent
while t<max number of iteration do
for each search agent do
Randomly initialize ry and r,
Update the position of the current search agent
Update a,A and C
Calculate the fitness of all search agents
Update X, Xp and Xz
t=t+1
return X,
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Figure 4. Hierarchy of the grey wolf (dominance decreases from top to bottom)

The pack's encircling behavior in hunting prey can be expressed as (29).

Xt+1)=X,t)—A=*D (29)
Where Xp is the position of the prey, A is the coefficient vector, and D is defined as follows:

D=|C*X,(t) —X()| (30)

Here, C represents the coefficient vector, X denotes the position of the grey wolf, and t is the current iteration
number. The coefficient vectors Aand Care calculated as follows:

A=2ax*r —a, (31)

In this context, r;and r,are independent random numbers uniformly distributed between 0 and 1, and adenotes
the encircling coefficient. Within the GWO algorithm, the coefficient a decreases linearly from 2 to 0, as given
in (33).

a=2-2() (33)

Here, t represents the current iteration index, while T denotes the total number of iterations allowed. Within
the GWO framework, the alpha (), beta (), and delta (3) wolves are assumed to possess superior knowledge
about the probable location of the prey. Consequently, these leading wolves direct the movement of the omega
(o) wolves toward the optimal solution. The position of each wolf is mathematically updated according to (34).

X1+X2+X3

X(t+1) === (34)
Where X, X et X; are calculated as (35)-(37).

X: =Xy — Ay * D, (35)

X, = |Xg — Ay * D (36)

X5 = |Xs — A3 * Dg| (37)

Where X,, Xg , et X; are the positions of alpha, beta, and delta at iteration t; and D, Dg, and Ds are defined as
in (38)-(40).

Dy = |Cy * X — X| (38)
Dg = |C, * X — X| (39)
Ds = |C3 * X5 — X| (40)

Where Cy, Cy, et Cs are calculated as in (32).
As shown in Figure 5, this section focuses on simulating the output voltage of the Buck converter
using a backstepping controller enhanced through an optimization strategy. The grey wolf optimizer (GWO)

Grey wolf optimization approach to optimal backstepping control for buck ... (Sana Mouslim)



646 a

ISSN: 2088-8694

algorithm is employed to identify the optimal controller parameters. The optimization process involves
iteratively evaluating the performance of the controller over a predetermined number of steps to determine the

parameter set that yields the best results.
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Figure 5. Overall view of the closed-loop system with the Backstepping controller

4., RESULTS AND DISCUSSION
4.1. Hardware section

In this section, we present an experimental platform, as illustrated in Figure 6, for the practical
implementation of a DC-DC converter for a photovoltaic application. We will apply the backstepping control
technique to regulate the converter's output voltage in order to power a resistive load. Based on the design of
the buck converter developed in the second section, we were able to determine the normalized values of the
converter components for the inductor L, capacitor C, and switching frequency f while optimizing them through
practical tests after the converter design, as illustrated in Table 1.

12V GND

=1 Buck

L_
[—

Voltage
sensor

Converter

Current
sensor

Voltage
sensor

Figure 6. Overview of the proposed system

Table 1. Component values of the buck converter

Components Values

L 120 uH

C 220 uF

R1 10Q

Vet 12v

Vin 48V

fs 40Khz
Mosfet IRF520
Diode MBR4045PT

DC Load

Int J Pow Elec & Dri Syst, Vol. 17, No. 1, March 2026: 640-652
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The experimental setup, depicted in Figure 7, consists of a buck converter constructed with an IRF520
MOSFET, using the specified values for L and C. The output current of the converter is measured using an
LTS 25-NP Hall effect sensor, while the output voltage (Vout) is monitored with an LV25-P sensor. The input
voltage (Vin) can be adjusted as needed. The sensed current and voltage signals are sent to the signal
conditioning board and then to the DSP’s analog input channels. These feedback signals are used to regulate
the reference voltage. The PWM signals generated by the DSP are routed through the PWM output, amplified
via a driver circuit, and applied to the MOSFET gate.

Figure 7. Overview of the proposed system

4.2. Simulation results

In this section, we aim to simulate the closed-loop system with the backstepping controller as shown
in Figure 8, but without optimizing its parameters. In this simulation, the controller parameters will be
randomly chosen without any prior optimization.

The results clearly show that the system fails to accurately track the desired reference voltage. Instead,
significant overshoots and oscillations are observed in the system's response. These results highlight the
importance of optimizing the parameters of the backstepping controller. By judiciously adjusting these
parameters, it is possible to significantly improve the system's performance, reducing overshoots and ensuring
a more stable and precise response to the reference voltage, as shown in Figure 9.

Figure 9 depicts the evolution of the output voltage of the buck converter with the backstepping
controller optimized using the GWO algorithm. The results demonstrate a significant improvement compared
to the previous simulation without optimization of the controller parameters. Optimizing the parameters of the
backstepping controller using the GWO algorithm has enabled finding values that ensure a precise and fast
system response. The optimal controller parameters have been adjusted to reduce tracking errors of the
reference voltage, resulting in a response practically free from overshoots, as shown in Figure 10.
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Figure 8. Output voltage Vot of buck converter with backstepping controller without optimization
To ensure the reliability and stability of the controller used in our buck converter, we conducted a

study of the various disturbances that can affect its operation. To test the controller's robustness, we varied the
input voltage and the load to assess its ability to maintain a constant output voltage (18 V) despite disturbances.
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A well-designed and robust design will ensure consistent output voltage despite fluctuations to ensure stable
voltage under variable conditions, we conducted a study of various scenarios for our buck converter, as depicted
in Figure 10.
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Figure 9. Output voltage Vo of buck converter with backstepping controller and with GW optimization
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Figure 10. Output voltage for the buck converter with variable input voltage and variable load

4.3. Experimental results

The results of our study have shown a significant improvement in regulation performance using
Backstepping with parameter optimization by the grey wolf algorithm (Figure 12). The regulation error has
been significantly reduced, and the system has demonstrated a better ability to maintain a stable output voltage
despite disturbances. During this experimental investigation, we implemented the PID control and evaluated
its performance in terms of regulating the output voltage of the Buck converter in the presence of disturbances.
Then, we introduced the SMC control, noting a significant improvement in regulation performance compared
to PID control as shown in Table 2. However, we also noticed that tuning the parameters of the SMC control
was delicate and required deep expertise.

Output Voltage (V)

Figure 11. Experimental results of the buck converter output voltage with the backstepping controller without
optimization
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The comparative results presented in Table 2 clearly show that both SMC and Backstepping
controllers outperform the conventional PID regulator in terms of dynamic response and voltage stability.
While SMC significantly enhances performance by reducing the settling time and almost eliminating
overshoot, the backstepping controller demonstrates the best overall behavior. It achieves the fastest settling
time (1.97 s) and ensures the most stable voltage regulation with very narrow settling limits, confirming its
superior ability to handle system nonlinearities. Despite a slightly higher overshoot than SMC, Backstepping
maintains excellent damping characteristics and delivers a more precise and consistent control action, making
it the most effective strategy among the three techniques.
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Figure 12. Experimental results of the buck converter output voltage with the backstepping controller with
optimization

Table 2. Comparative analysis of the 3 control technigues

Controller PID SMC Backstepping
Settling-time(s) 4.85 2.96 1.97
Settling-min(V) 11.67 11.92 12.03
Settling-max(V) 14.44 12.14 12.19
Overshoot (%) 20.32 1.21 1.65

Peak (V) 14.44 12.14 12.19

5. CONCLUSION

The research presented in this article has focused on the modeling and optimization of Backstepping
control for regulating a static buck converter in renewable energy systems, particularly the photovoltaic (PV)
solar energy conversion chain. It involves modeling non-isolated buck converters and designing Backstepping
control to meet predefined conversion objectives. Additionally, it explores the use of optimization tools for
optimal control of renewable energy conversion systems.

Our most notable contribution lies in the optimization of the backstepping control parameters using
the GWO algorithm to regulate the buck converter. This approach stabilized the output voltage of the converter
against disturbances in input voltage and load, thereby improving the robustness and performance of the
photovoltaic system. Furthermore, we validated our optimized control approach by implementing an
experimental platform consisting of a buck converter, a data acquisition card, and control based on the Texas
Instruments TSM320F28335 DSP. The results of the experimental tests confirmed the effectiveness of our
approach and its ability to operate in real-world conditions. As a future perspective, the GWO-optimized
Backstepping control approach could be extended to more complex photovoltaic systems and evaluated under
varying environmental conditions to better assess its robustness and real-time effectiveness.
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