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Power Ripple Reduction in Cascade Boost Converters Using Pl-Based MPPT Control for
Solar Cells

Sude KART

Abstract: It is crucial to operate PV panels at maximum power due to their low power generation capabilities. There are various types of control methods referred to as
MPPT (Maximum Power Point Tracking) algorithms. Among these, the ES (Extremum Seeking) control algorithm, which is a type of MPPT algorithm that provides fast
response in nonlinear systems, is used in this study. However, high ripples occur in the output power of the PV system operated at the maximum power point using the ES
algorithm. These ripples negatively affect the performance and lifespan of the PV panel and also increase the switching cost in the converter fed by the PV panel. To
overcome these drawbacks, in this study, the classical ESC (Extremum Seeking Control) method has been positively enhanced. The developed new controller is simulated
in the Matlab/SIMULINK environment in a system consisting of a DC-DC cascade boost converter and PV panel. According to the obtained results, it is observed that the
proposed controller reduces the power ripples existing in the standard ES control and provides a more stable and efficient operation of the PV system.
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1 INTRODUCTION

With the increasing energy demand, studies on
renewable energy sources have gained momentum in
recent years [1]. Solar energy, one of these renewable
energy sources, is preferred more than others in our
country due to its geographical location and decreasing
PV panel prices. However, the efficiency of PV panels,
which still does not exceed 20%, is a significant issue [2].
The output voltage of a photovoltaic (PV) panel can be
increased using a boost-type direct current-direct current
(DC-DC) converter (Fig. 1). The choice of converter
significantly affects the efficiency of the system. Various
DC-DC converters are available, such as flyback, full bridge,
half bridge, buck, and boost converters [3]. Each type has its
own advantages and limitations. For the specific purpose of
boosting the PV panel's output voltage, a boost converter is
the most suitable choice. To achieve a high output voltage
with a standard boost converter, a high duty cycle is
required. However, operating with a high duty cycle can
negatively impact the converter's performance. To maintain
a high voltage ratio while avoiding excessively high duty
cycles, a cascade DC-DC boost converter can be employed

[4].
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Figure 1 DC-DC converter block diagram

The ability of a PV panel to generate electrical power
is limited and the applied current or voltage varies non-
linearly. Therefore, PV panels are operated at maximum
power [5]. There are many maximum power operation
algorithms [6, 7]. The most popular MPPT algorithm due
to its simplicity and ease of implementation is the P&O
method [8]. This algorithm is based on calculating the
change in power by sampling the current and voltage of
the PV panel [9]. The P&O algorithm operates by
periodically increasing or decreasing the PV panel

voltage, thus causing the system to oscillate around the
MPP [10]. However, P&O can exhibit unstable behavior
in rapidly changing environments [11]. Since PV is a
nonlinear source that varies with radiation and
temperature, it may be preferable to use extremum
seeking control, which provides a faster response instead
of the P&O algorithm. Because extremum seeking control
is an adaptive nonlinear control method, it can be
successful when the control converges. Another
advantage is that extremum seeking control does not
require prior knowledge of the PV.

In reviewing the literature on optimizing photovoltaic
(PV) systems for maximum power, various methods have
been explored. Hussain Basha and Rani explored various
traditional Maximum Power Point Tracking (MPPT)
methods, including Variable Step Size Perturb and
Observe (VSS-P&0O), Modified Incremental
Conductance (MIC), and Fractional Open Circuit Voltage
(FOCV) [12]. They also evaluated several soft computing
MPPT approaches, such as Fixed Step Size Radial Basis
Function Algorithm (FSS-RBFA), Variable Step Size
Radial Basis Function Algorithm (VSS-RBFA), Adaptive
Fuzzy Logic Controller (AFLC), Particle Swarm
Optimization (PSO), and Cuckoo Search (CS), offering
detailed comparisons to assess their effectiveness with
different converter configurations.

Shaw proposed an analog MPPT method for battery
charging systems utilizing a DC-DC boost converter,
focusing on robustness and fast dynamic performance
[13]. His study applied nonlinear dynamics and
bifurcation theory to design an MPPT system capable of
adapting to rapidly changing conditions, demonstrating
both theoretical and practical validation through
prototype testing.

Zdiri and colleagues compared the dynamic behavior
of different MPPT techniques, including P&O, Fuzzy
Logic Controller (FLC), Artificial Neural Network
Proportional-Integral (ANN-PI), and ANN-Swarm
Method (ANN-SM) [14]. Their results showed that the
ANN-SM controller could quickly reach the maximum
power point (MPP) across varying conditions and exhibit
lower power fluctuation rates compared to P&O. The
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YSA-SM algorithm was found to be more efficient in
terms of energy consumption.

Siddique and his team introduced an effective
Incremental Conductance (IC) algorithm for grid-
connected PV systems [15]. Their approach aimed to
optimize PV array parameters to ensure effective
matching with DC/AC converters, focusing on achieving
optimal values for components such as inductors,
capacitors, and boost converter duty cycles. Their study
provided a thorough analysis of MPPT techniques and
detailed design considerations for PV converter systems.

However, the maximum point in the Maximum Point
Search algorithm changes depending on changing
conditions [16]. Therefore, large fluctuations occur in the
output power. These fluctuations also reduce the
performance and lifespan of the PV panel. Additionally,
they increase the switching cost in the converter fed by
the PV panel. There are some studies in the literature to
reduce these ripples. Firdaus and his team implemented
Maximum Power Point Tracking (MPPT) using the Fuzzy
Logic-Particle Swarm Optimization (FL-PSO) approach
[17]. They employed FL-PSO to locate the Maximum
Power Point (MPP) and reduce power output ripples from
the photovoltaic system. Their results showed that the FL-
PSO method significantly outperforms the Particle
Swarm Optimization (PSO) method, providing faster
convergence and better performance.

In a separate study, Vaigundamoorthi and colleagues
analyzed the control of chaotic dynamics in a solar PV
system equipped with a SEPIC DC-DC converter [18].
The SEPIC converter, known for maintaining continuous
input inductor current, enables comprehensive scanning
of all I-V curves from open-circuit voltage (Vo) to short-
circuit current (/). The researchers focused on ensuring
stable output voltage and minimizing oscillations near the
MPP.

Additionally, Brunton et al. (2010) developed a
ripple-based extremum seeking control method that reduced
output ripple and achieved over 99% tracking efficiency in
PV systems [19]. Zazo et al. (2012) used a Newton-like ESC
approach to provide more stable transient responses and
lower ripple levels compared to conventional ESC [20].
Ghaffari&Krstic  (2014) introduced a multivariable
Newton-based ESC algorithm demonstrating faster
convergence and reduced ripple regardless of environmental
variations [21]. In simulation work, Chellakhi et al. (2022)
achieved up to six-fold reduction in boost converter ripple
amplitude (both input and output) compared to conventional
INC MPPT [22]. These studies reinforce the validity and
effectiveness of the proposed Pl-based ESC controller.
However, despite these advances, none of the above
approaches explicitly integrate PI control within an ESC
framework for the specific purpose of minimizing power
ripple in PV systems, nor do they present comprehensive
validation under varying conditions, as done in this study.

In this study, an improved Extremum Seeking
Control (ESC) method was proposed to reduce power
ripples. This new controller was simulated in a
Matlab/SIMULINK environment with a PV panel and a
DC-DC cascade boost converter. The simulation results
highlighted the enhanced performance of the proposed
controller compared to the traditional ESC method. While
PID or other classical control methods are generally used

in the literature, PI-based ESC control is applied in this
study. This innovative approach contributes to the
development of MPPT techniques by increasing the
diversity of control methods.

2 MODELING AND ANALYSIS
2.1 Solar Panel

A solar panel cell consists of a p-n semiconductor
junction that generates direct current (DC) when exposed
to light. The amount of current produced is directly
proportional to the intensity of the solar radiation. In the
absence of light, the solar cell does not produce any
current [23]. The equivalent electrical circuit of an ideal
solar cell is illustrated in Fig. 2.
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Figure 2 Equivalent electrical circuit of an ideal solar cell
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The current-voltage (I-V) graph characteristic of the
solar cell is given in Eq. (1);

I =1Io[exp(q(V +IR)/ KT)~1] (1)

The solar cell output current is shown in Eq. (2).

I=1Ip -1y =1y (2)
where, I - Solar cell current, A; I - Light generated
current, A; Io - Diode saturation current, A; g - Electron
charge, 1.6 x 107" C; K - Boltzman constant, 1.38 x 10723
J/K; T - Cell temperature in Kelvin, K; V' - Solar cell
output voltage, V; R, - Solar cell series resistance, Q; R,
- Solar cell shunt resistance, Q.

2.2 DC-DC Cascade Boost Converter

DC-DC converters are electronic circuits used to
increase or decrease the existing voltage level to the
desired level. Since converters are nonlinear systems, their
efficiency varies depending on the design and control of
the circuit. DC-DC converter circuits mainly consist of a
power stage and a control stage. The power stage
comprises semiconductor circuit elements and filtering
elements. It is used to obtain the desired output voltage
level depending on the input voltage. The control stage
generates the switching signal that activates the
semiconductor circuit elements and controls the timing of
this signal. DC-DC converters, also referred to as voltage
converters or power converters, are classified as boosting
(boost), bucking (buck), or buck-boost converters
depending on their general purpose [24]. Boost converters
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are preferred in applications where high performance is
expected despite low output voltage, such as PV systems
or fuel cells. In these converters, to obtain high output
voltage, it is necessary to keep the duty cycle high.
However, selecting a high duty cycle can negatively affect
the operation of the converter. One of the proposed
solutions to keep the voltage ratio high without increasing
the duty cycle too much is to use a DC-DC cascade boost
converter [25]. Controlled by a dual-switch structure, this
converter consists of two cascaded DC-DC boosting
converters. In this case, the output voltage obtained at the
first stage is given by Eq. (3).

V.

mn

V =
T -a

3)

The output voltage obtained from the 2nd layer of the
circuit is given in Eq. (4).

VCI

V_
"7 1-d

“4)

The input-output voltage conversion ratio obtained
after calculating the voltage values between the layers is
given in Eq. (5). d in the equations is the duty cycle of the
switch S.

)

In the conducted study, a single-switch DC-DC dual-
stage boosting converter was employed with the aim of
designing a cost-effective solution by using fewer circuit
elements and reducing power losses in dual switching. The
output and input voltage calculations for the single-switch
circuit are the same as those provided for the dual-switch
circuit in Egs. (3), (4), (5). The circuit diagram of the
single-switch DC-DC dual-stage boosting converter is
illustrated in Fig. 3.

1
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Figure 3 Single switch double stage boost type converter circuit

In the circuit shown in Fig. 3, when switch S is closed,
diode D, is forward-biased, while diodes D; and D, are
reverse-biased. During this phase, the inductor L, with
current /11, is energized by the input voltage (Vin), and
inductor L,, with current /1,, is powered by the voltage
across capacitor V. As switch S conducts, the currents /7
and /1, flow through their respective paths: /., through Vi,
Ly, D,, S, and back to Vi, and 1, through Vey, Ly, S, and
back to V¢i. Conversely, when switch S is open, diode D,
becomes reverse-biased, and diodes D; and D, become
forward-biased. During the off period of switch S, the
energy stored in the inductors flows towards the output RC
circuit, establishing the relationship Vi< Vei< ¥y among
the voltages. The currents stored in the inductors decrease
gradually during this period [26, 27].

3 MODELLING AND ANALYSIS
3.1 Conventional Extremum Seeking Controller

The ES control is an adaptive MPPT method. The ES
control scheme can be represented as shown in Fig. 3. This
controller adapts based on the slope of the power curve,
maintaining stability across different operating conditions
[19, 28]. It works by introducing a perturbation signal asin
(wt) into the input u, which helps determine the optimal
value for u. This perturbation causes a corresponding
change in the power output. The control variable Uy,
which is derived by high-pass filtering the power, is
demodulated to indicate deviations from the Maximum
Power Point (MPP): positive for deviations to the right and
negative for deviations to the left. By integrating this
demodulated signal and adjusting the parameters
accordingly, the controller adaptively regulates uuu to
effectively track the MPP [30].

Py (Field of PV) * (Number of P

s+w

High pass
filter

\

\ |

X

Product Adaptive gain

Sin(wt)

Figure 4 Schema of extremum seeking control

The performance of the control system is influenced
by the choice of system parameters. Specifically, the
frequency of the periodic sinusoidal perturbation signal ()
and the cut-off frequency of the high-pass filter (wn) play
crucial roles in this selection process.

w >>wy,>> The dynamic speed of the controlled PV

The mathematical representation of the block diagram
in Fig. 4 is as in the equation below.

P

1
(number of PV) s +m

sinwt ky+ky |=d (6
{(ﬁeldofPV) : 2} ©

3.2 Improved Extremum Seeking Control

The developed method is a PI-based ES control
method. The PI controller and the ES controller are
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cascaded in series. Thus, the aim is to make the ES control
more efficient with the advantage of the PI controller.

The mathematical expressions of these two controllers
are combined to obtain the mathematical representation as
shown in Eq. (7). The block diagram representation of this
enhanced controller can be drawn as depicted in Fig. 5.

Pfc

Sinus
wave

20| sinwt L b ky +k, Ly
(field of PV)(number of PV) s+ 28

N O—
ks a/(s+pi) + ,>_> d
A

e T

Figure 5 Block representation of the developed controller

In this study, the PI controller parameters were tuned
using an iterative, trial-and-error approach. The primary
objective was to reduce output power ripple while
achieving a fast settling time. To this end, different
combinations of proportional (K;) and integral (K;) gains
were tested within practical limits until the system met the
desired transient and steady-state performance criteria.
While well-known tuning methods such as Ziegler-Nichols
and Cohen-Coon were initially evaluated, they proved
unsuitable for this application because photovoltaic (PV)
systems exhibit nonlinear and time-varying behaviour [31,
32]. These classical methods generally assume linear, time-
invariant dynamics, which can result in poor performance
or even instability in PV-fed boost converter systems. For
these reasons, a simulation-driven trial-and-error process
was chosen, enabling adjustments that reflect the nonlinear
characteristics and environmental variability of the system.
The final K}, and Kj values were determined to provide the
best balance between ripple suppression, rapid tracking of
the Maximum Power Point (MPP), and overall system
stability.

4 RESULTS FOR SIMULATION AND DISCUSSIONS
CONCLUSION

The block representation of the entire proposed system
is shown in Fig. 6.

DC-DC
Cascade o Output
PV Boost Voltage
Converter
Switching Signal
Input
Voltage Improved ES
Controller
Input

Current

Figure 6 Block representation of the entire proposed system

The current-power (/-P) graph of the input of the
system, that is, the output of the PV panel, is as shown in
Fig. 7. As the I-P graph searches for the maximum power,
it spirals around the maximum power. The faster it finds
the maximum power, the sparser this spiral will be.

Fig. 8 shows the change of PV power over time.

U

Power (W)

0 1 2 3 ‘ : '
Current (A)
Figure 7 Current-power (/-P) characteristic curve of the PV panel output

)
L J

ot

Power (W)

0 1 2 3 4 . 8 9 10
Time (s) J

Figure 8 Graph of PV power variation over time

The parameters of proposed converter are given in
Tab. 1.

Table 1 The parameters of the converter

Input voltage 30-60 V

Output power 245 W
Inductance 50 uH
Capacitor 220-470 uF

The current-power (/-P) graph of PV controlled with
the proposed controller is as shown in Fig. 9. As seen in
Fig. 9, the spiral motion around the maximum power is
more sparse compared to Fig. 7.

The change of PV power over time in the system with
the proposed controller is given in Fig. 10.
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The current-power (/-P) graph of the PV for the
radiation values S = 1000 and s = 600, controlled by the
proposed controller, is as shown in Fig. 11.

n T T T
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150~

Power (W)
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L B T
Current (A)

Figure 9 Current-power (/-P) characteristic curve of the PV system under the

proposed controller

1

Power (W)

Time (s)
Figure 10 PV power variation over time with the proposed controller applied
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Figure 11 Current-power (/-P) characteristic curve of the PV panel for irradiance
levels S = 1000 W/m2 and S = 600 W/m? under the proposed controller

Power (W)

The change in power of PV controlled with the
proposed controller over time is as shown in Fig. 12.

The current-power (/-P) graph of the PV for the
temperature values 7= 25 °C and 7= 50 °C, controlled by
the proposed controller, is as shown in Fig. 13.

The results in this study come from deterministic
simulations rather than repeated experiments, so traditional
statistical tools like error bars or confidence intervals are
not directly applicable. Instead, to strengthen the
evaluation of robustness and repeatability, we carried out

additional simulations under different environmental
conditions.

For S=1000

Power (W)

For S=600

Time (s)
Figure 12 Time-power (t-P) response of the PV system at irradiance levels
S =1000 W/m?and S = 600 W/m? under the proposed controller
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Power (W)
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Current (A)
Figure 13 Current-power (/-P) characteristic curve of the PV panel for
temperature levels T =25 °C and T = 50 °C under the proposed controller

The measured output power ripple values for these
scenarios are presented and discussed in Section 5. The
proposed Pl-based ESC controller demonstrated that it can
operate reliably even with realistic changes in PV system
operating conditions, providing consistently stable
performance across all tested conditions.

5 CONCLUSION

The current-power (/-P) graph of the PV panel output
is depicted in Fig. 7. According to Fig. 7, the PV panel has
been operated at maximum power using the ES method. It
is clearly seen in Fig. 7 that it continuously oscillates
around 245 W and exhibits a snail-like movement. Fig. 8
illustrates the time-power graph of the PV panel output.
According to Fig. 8, ripple is observed within a range of
0.8 W. Fig. 9 presents the current-power (/-P) graph of the
PV controlled with the proposed controller. When
comparing Fig. 7 and Fig. 9, it can be observed that while
there are significant oscillations around the maximum
power in the system using only the ESC algorithm in Fig.
7, there are fewer oscillations in Fig. 9. Additionally, in
Fig. 9, the maximum power is reached more quickly. Fig.
10 illustrates the power variation of the PV system with the
proposed controller applied over time. Comparing Fig. 8
and Fig. 10, it is observed that there is a ripple within a

Tehnicki viesnik 33, 2(2026), 451-457

455



Sude KART: Power Ripple Reduction in Cascade Boost Converters Using Pl-Based MPPT Control for Solar Cells

range of 0.006 W in Fig. 10. This indicates that the new
controller has reduced the ripple by 99.25%, which is a
very good result. Other studies in the literature generally
aim to reduce ripples by 30-70%, therefore the presented
results provide a significant advantage in terms of
efficiency and system stability. In Fig. 11, the current-
power (I-P) graph of the PV controlled with the proposed
controller is examined by varying the radiation values to S
=1000 and s = 600. The purpose of examining the radiation
change is to test whether the proposed controller quickly
finds the maximum power and oscillates around the
maximum power during radiation change, and successful
results have been obtained. The improved controller
responds quickly to sunlight changes and finds the
maximum power point more quickly. This shows that the
slow adaptation times seen in previous studies have been
overcome. While other studies in the literature generally
take longer times to find the maximum power, this time has
been significantly shortened in this study. Fig. 12 presents
the representation of the /-P graph from Fig. 11 on the #-P
graph. In conclusion, the proposed PI-based ESC controller
has provided very good results for reducing ripple in the
time-power (z-P) graph. These ripples are seen as a spiral
on the /-P graph. In this study, it was observed that the
spiral shape in the /-P graph became less frequent as the
ripples in the 7-P graph decreased. The /-P graphs obtained
in this study provide a detailed analysis in terms of
reducing ripples. While most studies only examine ripples
over t-P graphs [22, 33, 34], this study also reveals the
spiral formation of /-P graphs. The observation that this
spiral shape decreases better explains the effectiveness of
the control algorithm.

6 REFERANCES

[1] Mamizadeh, A., Mustafa, B. A., & Genc, N. (2021). Planar
Flyback Transformer Design for PVPowered LED
Illumination. International Journal of Renewable Energy
Research, 11(1), 439-445.
https://doi.org/10.20508/ijrer.v11i1.11695.98155

[2] Benda, V. & Cerna, L. (2020). PV cells and modules -State
of the art, limits and trends. Heliyon, 6(12), e05666.
https://doi.org/10.1016/j.heliyon.2020.e05666

[3] Celik, M. A., Genc, N., & Uzmus, H. (2022). Experimental
verification of interleaved hybrid DC/DC boost converter.
Journal of Power Electronics, 22, 1665-1675.
https://doi.org/10.1007/s43236-022-00471-5

[4] Kart, S., Demir, F., Kocaarslan, 1., & Genc, N. (2024).
Increasing PEM fuel cellperformance via fuzzy-logic
controlled cascaded DC-DC boost converter. International
Journal of Hydrogen Energy, 54, 84-95.
https://doi.org/10.1016/j.ijhydene.2023.05.130

[5] Xu, S., Gao, Y., & Zhou, G. (2020). A Global Maximum
Power Point Tracking Algorithm for Photovoltaic Systems
Under Partially Shaded Conditions Using Modified
Maximum Power Trapezium Method. /EEE Transactions on
Industrial Electronics, 68(1), 370-380.
https://doi.org/10.1109/TIE.2020.2965498

[6] Haji, D. & Genc, N. (2020). Dynamic Behaviour Analysis of
ANFIS Based MPPT Controller for Standalone Photovoltaic
Systems. [International Journal of Renewable Energy
Research, 10(1), 101-108.

[7] Balakishan, P., Chidambaram, I. A., & Manikandan, M.
(2023). An ANN Based MPPT for Power Monitoring in
Smart Grid using Interleaved Boost Converter. Tehnicki
vjesnik, 30(2), 381-389.

https://doi.org/10.17559/TV-20220820194302

[8] Romdlony, Z. R., Trilaksono, B. R., & Ortega, R. (2012).
Experimental study of extremum seeking control for
maximum power point tracking of PEM fuel cell. 2072
International Conference on System Engineering and
Technology, 5. https://doi.org/10.1109/ICSEngT.2012.6339313

[9] Nedumgatt, J. J., Umaskanhar, S., Vijayakumar, D., &
Kothari, D. P. (2011). Perturb and observe MPPT algorithm
for solar PV systems-modelling and simulation.201 1 Annual
IEEE India Conference.
https://doi.org/10.1109/INDCON.2011.6139513

[10] Thesis-Akihiro, O. (2005). Design and simulation of
photovoltaic water pumping system. California Polytechnic
State University.

[11] Zhong, Z. (2007). Adaptive maximum power point tracking
control of fuel cell power plant. Journal of Power Sources,
176(1), 259-269. https://doi.org/10.1016/j.jpowsour.2007.10.080

[12] Hussain Basha, H. & Rani, C. (2020). Different
Conventional and Soft Computing MPPT Techniques for
Solar PV Systems with High Step-Up Boost Converters: A
Comprehensive Analysis. Energies, 13(2), 371.
https://doi.org/10.3390/en13020371

[13] Shaw, P. (2019). Modelling and analysis of an analogue
MPPT-based PV battery charging system utilising DC-DC
boost converter. [ET Renewable Power Energy, 13(11),
1958-1967. https://doi.org/10.1049/iet-rpg.2018.6273

[14] Zdiri, M., A., Khelifi, B, Salem, F. B., & Abdallah, H., H.
(2021). A Comparative Study of Distinct Advanced MPPT
Algorithms for a PV Boost Converter. /nternational Journal
of Renewable Energy Research, 11(3), 1156-1165.

[15] Bakar Siddique, M. A., Asad, A., Asif, R. M., Rehman, A.
U., Sadiq, M. T., & Ullah, I. (2023). Implementation of
incremental conductance MPPT algorithm with integral
regulator by using boost converter in grid-connected PV
array. [ETE Journal of Research, 69(6), 3822-3835.
https://doi.org/10.1080/03772063.2021.1920481

[16] Javed, S. &Ishaque, K., A. (2022). A comprehensive analysis
with new findings of different PSO variants for MPPT
problem under partial shading. Ain Shams Engineering
Journal, 5(13), 101680.
https://doi.org/10.1016/j.ase}.2021.101680

[17] Firdaus, A. A., Yunardi, R. T., Agustin, E. I., Nahdliyah, S.
D. N., & Nugroho, T. A. (2020). An improved control for
MPPT based on FL-PSO to minimize oscillation in
photovoltaic system. International Journal of Power
Electronics and Drive System (IJPEDS), 2(11), 1082-1087.
https://doi.org/10.11591/ijpeds.v11.i2.pp1082-1087

[18] Vaigundamoorthi, M., Ramesh, R., Vasan Prabhu, V., &
Arul Kumar, K. (2020). MPPT oscillations minimization in
PV system by controlling non-linear dynamics in SEPIC
DC-DC converter. International Journal of Electrical and
Computer Engineering (IJECE), 6(10), 6268-6275.
https://doi.org/10.11591/ijece.v10i6.pp6268-6275

[19] Brunton, S. L., Rowley, C. W., Kulkarni, S. R., & Clarkson,
C. (2010). Maximum Power Point Tracking for Photovoltaic
Optimization Using Ripple-Based Extremum Seeking
Control. /[EEE Transactions on Power Electronics, 25(10),
2531-2540. https://doi.org/10.1109/TPEL.2010.2049747

[20] Zazo, H., Del Castillo, E., Reynaud, J.F., & Leyva, R.
(2012). MPPT for Photovoltaic Modules via Newton-Like
Extremum Seeking Control. Energies, 5(8), 2652-2666.
https://doi.org/10.3390/en5082652

[21] Ghaffari, A., Krsti¢, M., & Seshagiri, S., (2014). Power
Optimization for Photovoltaic Microconverters Using
Multivariable Newton-Based Extremum Seeking. [EEE
Transactions on Control Systems Technology, 22(6), 2141-
2149. https://doi.org/10.1109/TCST.2014.2301172

[22] Chellakhi, A. A., El Beid, S., & Abouelmahjoub, Y. (2022).
An Advanced MPPT Scheme for PV Systems Application

456

Technical Gazette 33, 2(2026), 451-457



Sude KART: Power Ripple Reduction in Cascade Boost Converters Using Pl-Based MPPT Control for Solar Cells

with Less Output Ripple Magnitude of the Boost Converter.
International Journal of Photoenergy, 2022(1), 133294.
https://doi.org/10.1155/2022/2133294

[23] Atallah, A. M., Abdelaziz, A. Y., & Jumaah, R. S. (2014).
Implementation of Perturb and Observe Mppt of PV System
with Direct Control Method Using Buck and Buck-Boost
Converters. Emerging Trends in Electrical, Electronics &
Instrumentation Engineering: An international Journal
(EEIEJ), 1(1).

[24] Freitas, A. A. A., Tofoli, F. L., Junior, E. M. et al. (2016).
Analysis of high voltage step-up nonisolated DC-DC boost
converters. International Journal of Electronics, 103(5),
898-912. https://doi.org/10.1080/00207217.2015.1077529

[25] Rensburg, J. V., Case, M. J., & Nicolae, D. V. (2008).
Double-boost DC to DC converter. Industrial Electronics
IECON. 34th Annual Conference of IEEE, 707-711.
https://doi.org/10.1109/IECON.2008.4758040

[26] Genc, N. & Koc, Y. (2017). Experimental verification of an
improved soft-switching cascade boost converter. Electric
Power Systems Research, 149, 1-9.
https://doi.org/10.1016/j.epsr.2017.04.015

[27] Kocaarslan, 1., Kart, S., Gene, N., & Uzmus, H. (2019).
Design and application of PEM fuel cell-based cascade boost
converter. Electrical Engineering, 101, 1323-1332.
https://doi.org/10.1007/s00202-019-00871-0

[28] Liu, G., Zhu, L., Li, H., Li, J., & Lv, Q. (2023). Novel
extreme seeking control framework with ordered excitation
and nonlinear function based PSO: Method and application.
Solar Energy, 25(5), 126-137.
https://doi.org/10.1016/j.solener.2023.03.030

[29] Moura, S. J. & Chang, Y. A. (2013). Lyapunov-based
switched extremum seeking for photovoltaic power
maximization. Control Engineering Practice, 21(7), 971-
980. https://doi.org/10.1016/j.conengprac.2013.02.009

[30] Anandanatarajan, R., Chidambaram, M., & Jayasingh, T.
(2006). Limitations of a PI controller for a first-order
nonlinear process with dead time. IS4 transactions, 45(2),
185-199. https://doi.org/10.1016/S0019-0578(07)60189-X

[31] Gupta, M., Tiwari, P. M., Viral, R. K. et al. (2025). Grid-
connected PV inverter system control optimization using
Grey Wolf optimized PID controller. Scientific Reports, 15,
28869. https://doi.org/10.1038/s41598-025-10617-7

[32] Chellakhi, A., El Beid, S., & Abouelmahjoub, Y. (2020).
Ripples Amplitude Minimizing of the Output Boost
Converter Using an Innovative MPPT Controller for PV
Systems Applications. 2020 I[EEE 2nd International
Conference on Electronics, Control, Optimization and
Computer Science (ICECOCS).
https://doi.org/10.1109/ICECOCS50124.2020.9314628

[33] Abu Taher, M., Behnamfar, M., Sarwat, A. 1., & Tariq, M.
(2024). Wavelet and Signal Analyzer Based High-
Frequency Ripple Extraction in the Context of MPPT
Algorithm in Solar PV Systems. IEEE Access, 12, 113726-
113740. https://doi.org/10.1109/ACCESS.2024.3426289

Contact information:

Sude KART, Dr

Karabuk University,

Department of Electric and Energy,
Karabuk, Turkey

E-mail: sudekart@karabuk.edu.tr

Tehnicki viesnik 33, 2(2026), 451-457

457




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


