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New adaptive modified perturb and observe algorithm for maximum power point tracking
in photovoltaic systems with interleaved boost converter

Introduction. In recent years, maximum power point tracking (MPPT) has become a critical component in photovoltaic (PV) systems to
ensure maximum energy harvesting under varying irradiance and temperature conditions. Among the most common algorithms, perturb and
observe (P&O) and incremental conductance (IC) are widely adopted due to their simplicity and effectiveness. Problem. Conventional P&O
suffers from steady-state oscillations and slow dynamic response, while IC requires higher computational complexity and loses accuracy
under rapidly changing conditions. These drawbacks limit overall tracking efficiency and system reliability. The goal of this work is the
development and evaluation of a novel adaptive modified perturb and observe (AM-P&O) algorithm for a PV system with an interleaved
boost converter. The proposed method dynamically adjusts the perturbation step size to achieve faster convergence and lessen steady-state
oscillations to enhance tracking efficiency. Its performance is assessed through simulation with varying irradiance. It is then compared to
traditional methods (P&O and IC) using quantitative metrics such as convergence time, oscillation magnitude, tracking efficiency, and
computational cost. Methodology. The AM-P&O algorithm introduces an adaptive step size adjustment strategy, in which the perturbation
magnitude is dynamically tuned according to the slope of the PV power-voltage curve. A detailed PV system and converter model was
developed in MATLAB/Simulink, and simulations were performed under varying irradiance conditions. Performance metrics include
tracking efficiency, convergence time, steady-state oscillation amplitude, and computational complexity. Results. The proposed AM-P&O
achieves a better tracking, reduces convergence time by approximately 35 %, and decreases steady-state oscillations by nearly 90 %
compared to conventional P&O. Under fast irradiance variations, the AM-P&O also demonstrates superior dynamic performance with
lower computational burden compared to IC. Scientific novelty of this work lies in the adaptive perturbation mechanism, which balances
fast convergence and reduced oscillations without increasing algorithmic complexity. Practical value. The AM-P&O provides a practical
MPPT solution for PV systems, ensuring higher energy yield and improved stability in real-world applications, thereby supporting more
efficient renewable energy integration into power networks. References 32, tables 8, figures 8.

Key words: photovoltaic system, maximum power point tracking, adaptive step size, modified perturb and observe algorithm,
interleaved DC- DC converter, tracking efficiency.

Bemyn. B ocmanni poxu giocmedicenmst mouku maxcumanoioi nomyscnocmi (MPPT) cmano kpumuuno 8adciusum KOMROHEHMOM )
gomoenexkmpuunux (PV) cucmemax ons 3abe3nevents Makcumanbno2o 300py enepeii @ ymoeax 3miHHUX oceimuenocmi i memnepanypu.
Ceped HaubinbW NOWUPEHUX aneOPUMMIB, WO WUPOKO 3ACMOCOBYIOMbCA 3A80AKU CE0Ill NpOCmomi ma eheKmusHoCmi, € aneopummu
30ypenna i cnocmepescents (P&O) i 30invwenns npogionocmi (IC). Ipobnema. 3suuaiinuti P&O cxunvhuii 00 KOMUEaHs i NOGITbHO20
OuHamiuHo20 6i02yKy, 6 moii uac sax IC sumaeae Oinviu BUCOKOT OOUUCTIOBATLHOT CKIAOHOCTI | 8MPAYAc MOUHICIb NPU WBUOKO MIHIUBUX
ymosax. Lli nedoniku obmedicyroms 3a2anvHy egpekmusHicms giocmediceHHs ma Hadiinicms cucmemu. Memoro oanoi pobomu € po3pobka
ma oYiHKa HOB020 A0ANMUEHO20 MOOUPDIKOBAHO20 aneopummy 30ypenns i cnocmepedicertsi (AM-P&O) ons PV cucmemu 3 niosuwyiouum
nepemeoprosayem 3 4epeyeanHaM. 3anponoHO8aHUNl MEMOO OUHAMIYHO Pe2yNtOe POMIP KPOKY 30VDeHHS Ol O0CASHEHHA OLNbu WEUOKOT
36iICHOCNE | 3MEHUEeHHA VYCMAneHux KOnueans 015 nioeuwenns egexmusnocmi iocmescenns. Hozo npodykmuswicms oyimoembes
UWATIIXOM MOOEIO8aHH L 31 3MiHHOIO ocgimnericmio. Taxodic 6in nopisuioecmuca 3 mpaduyiiinumu memooamu (P&O ma IC) 3 euxopucmannam
KIIbKICHUX MempUuK, MAaKux SK 4ac 36I04CHOCMI, amMniimyod KoJIUeaHb, e@eKmueHICmb GI0CMENCeHHs ma OOUUCTIOBATbHI SUMPAMU.
Memooonozia. Ancopumm AM-P&O npononye cmpameeiio adanmusHo20 pe2ylo8aHHs po3mipy KpPOKY, 8 sKIi aMnuimyoa 30ypeHHs
OUHAMIYHO HANAWIMOBYEMBCA BIONOGIOHO 00 HAXUTY Kpugoi nomydxcnocmi-wanpyeu PV cucmemu. [Jemanvna modens PV cucmemu ma
nepemsoprosaya pospoonera ¢ MATLAB/Simulink, a moOeniosarnts uKOHAHO 8 yMOBax 3MiHHOT oceimueHocmi. Mempuku npooyKmueHocmi
BKIIOYAIOMb  egheKmUBHicmb  8I0Cmedicets, yac 30idcHocmi, amnaimyody Koaueawvb i obuucmosanvhy ckaaduicme. Pezynemamu.
3anpononosanuti AM-P&O docsieae kpaujoeo 8iocmedicenHsi, CKOpouye uac 30incHocmi npudnusto Ha 35 % i ameHuye yemaneHi KOTUeaHHs.
matidce na 90 % y nopienanni 3 mpaouyitinum P&O. Ipu weuokux sminax oceimnenocmi AM-P&O maxodic 0emoncmpye ucoxi Ounamiumni
Xapakmepucmuku 3 MeHuwumM o0uUcIosanrsHum Haganmagicennam y nopienanni 3 I1C. Haykosa noeusna pobomu nonazac y mexamizmi
adanmueHo2o 30ypenns, aKull 3a0e3nevye OanaHc Midc WEUOKOK 30IJCHICMIO MA 3HUINCEHHAM KOMUBAHb Oe3 30UIbUeHHs. CKIAOHOCMI
aneopummy. Ipakmuuna 3uauumicmo. AM-P&O npononye npaxmuune piwennss MPPT ons PV cucmem, 3abesneuyiouu Oinvuie
BUPOGICHHSL eHepeil Ma NOKPAWeHy CmAabiIbHICIb Y PealbHUX YMOB8AX eKCIyamayii, Cnpusiiouu eqoeKmueHiuil inmezpayii 6I0HOGTIO8AHUX
Oorcepen enepeii 6 enepeomepedrcy. bion. 32, Tabn. 8, puc. 8.

Knrouosi  crnosa: ¢otoesieKTpHYHA CHCTeMA, BiICTeKEHHI TOYKH MAKCHMAJIBHOI MOTY:KHOCTi, AJanTHBHUI PpPO3MIp KpOKY,
Mou(ikoBaHuii aJiropuT™ 30ypeHHs1 Ta crioctepeskennsi, DC-DC nepeTBoproBay 3 4epryBaHHsM, e)eKTUBHICTb BiICTe;KeHHSI.

Introduction. Photovoltaic (PV) technology has
seen rapid deployment worldwide as a cost effective,
modular source of low carbon electricity. However, their
output is nonlinear and strongly sensitive to
environmental factors (irradiance, temperature, etc.) and
operating conditions (partial shading, etc.) so the
maximum power point tracking (MPPT) is vital but
requires a robust, fast and low cost MPPT solution to
improve MPPT energy yield [1-4].

Classical MPPT techniques such as perturb & observe
(P&O) and incremental conductance (IC) remain widely
used because of their simplicity and low implementation
cost. Nonetheless they exhibit limitations, for example
P&O tends to oscillate around the maximum power point
(MPP) in steady state and can be misled by varying

environmental conditions, while IC depends strongly on
step size selection. These limitations introduced new
concepts as variable/adaptive step-size schemes, hybrid
methods, and occasional global search strategies to handle
PV curves under partial shading [5-10].

Partial shading and module mismatch can cause the PV
characteristics to have multiple local maxima which mislead
the conventional MPPT techniques. To address this and the
conventional techniques limitations, researchers proposed
two broad directions. The first was to make them more
adaptive  (variable  step-size,  prediction/estimation,
constrained search windows) so they remain lightweight yet
dynamic, while the second was to incorporate occasional or
hybrid global optimizers (particle swarm optimization
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(PSO), grey wolf optimization (GWO), teaching learning
based optimization etc.) that combine fast local search with
less-frequent global exploration. Hybrid and metaheuristic
approaches improve the global MPP (GMPP) at the cost of
higher computational resources and complexity [3, 7].

Despite these efforts, a clear gap remains between
simple low-cost controllers and advanced computationally
intensive solutions. Many adaptive MPPT techniques either
increase algorithmic complexity (difficult for low-cost
microcontrollers) or still suffer from oscillations and delayed
convergence under rapid irradiance fluctuations [6, 8, 11].

Discussion in light of recent literature (2020-2025).
MPPT algorithms are evaluated primarily by their
tracking efficiency and convergence time [12, 13].
Contemporary literature  (2020-2025) shows that
advanced Al-based methods typically achieve tracking
efficiencies ~99 %, with very fast convergence,
outperforming conventional methods [12, 13]. However,
classical methods (like P&O and IC) remain popular for
their simplicity and low implementation cost [12, 14]. In
practice, the choice of MPPT involves trade-offs among
efficiency, speed, complexity, and robustness to changing
conditions (irradiance, shading, temperature) [12, 14].

P&O and IC are widely used «baseline» MPPT
methods due to their simplicity and minimal sensor
requirements [13, 14]. P&O works by perturbing the PV
operating point and observing power changes. It is easy to
implement but inherently oscillates around the MPP [13].
IC compares incremental and instantaneous conductance
to decide the direction of tracking; it achieves smoother
convergence and lower steady-state ripple than P&O
which makes it a better choice [13, 15].

Empirical studies highlight these differences. For
example, under varying irradiance (250-1000 W/m?),
authors [15] found that IC reached ~98.7 % tracking
efficiency with a 0.15 s convergence, versus ~95.2 % for
P&O. IC also yielded much smaller power ripple (~1.2 kW
vs. 3.8 kW) [15]. In general, P&O tends to overshoot and
oscillate around the MPP, resulting in longer settling times,
while IC responds more smoothly [13, 15]. Under uniform
insolation both work reasonably, but under partial shading
their limitations become severe: they often lock onto a local
maximum rather than the GMPP, causing large energy
losses (up to ~70 %) [10, 13].

To mitigate oscillations and improve speed, many
adaptive or variable-step versions of P&O and IC have
been proposed. These algorithms dynamically adjust the
perturbation step based on PV conditions. For example,
authors [5] introduced a variable-step P&O that uses
multiple step sizes; simulations showed it reduced power
ripple by ~80 % and cut response time by ~30 % compared
to fixed-step P&O. Similarly, authors [3, 16] developed a
4-segment variable-step IC by dividing the I~V curve into
regions with optimized steps, it eliminated steady-state
oscillation and greatly accelerated tracking under rapidly
changing irradiance.

These adaptive schemes retain the basic simplicity
of classical methods but add computational overhead for
step-size logic. In practice, they offer faster convergence
and lower ripple than their fixed-step counterparts while
maintaining comparable steady-state efficiency. For
instance, the improved IC was shown to achieve no
oscillation and improved energy extraction under dynamic
irradiance [3, 17].

Al-based (artificial neural network (ANN), fuzzy logic)
and metaheuristic (PSO, GWO, whale optimization
algorithm (WOA)) approaches use global-search or learning
to overcome classical limits. These methods typically
achieve very high tracking efficiency (often >97 %) and can
handle multiple maxima, but they incur higher complexity
and require more computation or training. Recent reviews
report that Al and metaheuristic MPPTs routinely reach
~99 9% of theoretical power [12, 18].

For example, a neural-network MPPT was shown to
reach ~99.7 % efficiency on clear days (99.3 % on
overcast), with much lower steady-state error and faster
transient response than P&O or IC [18]. Fuzzy-logic
controllers also perform strongly; a recent hybrid fuzzy-
IC MPPT achieved ~97.7 % average efficiency and a
convergence time of only 53.5 ms, outperforming
conventional and other hybrid techniques [19].
Metaheuristics further push these metrics: WOA/GWO
achieved ~98.9 % efficiency in simulation and
measurement [20], and a chimp optimization algorithm
reached ~99.63 % efficiency under shading [14].

However, these gains come at cost. Al and
metaheuristic methods are computationally intensive:
ANNSs require off-line training and embedded hardware,
fuzzy controllers need rule-tuning, and swarm algorithms
iterate many function evaluations. Authors [12] note that
classical methods have low computational cost while Al
methods «demand more complex hardware/software». In
terms of dynamic performance, metaheuristics may
converge slower (~0.65 s for WOA in one study [21],
versus <<0.1 s for some fast techniques) but they excel at
finding the global optimum under variable conditions.

Hybrid methods combine the strengths of global
optimization and local tracking. A common pattern is
using a metaheuristic or Al for coarse tracking and a fast
local method for fine adjustment. These techniques aim to
achieve near-optimal efficiency with accelerated
convergence. For instance, authors [19] proposed a
P&O+PSO hybrid: it attained ~2 % higher efficiency than
pure P&O (and a 0.2 ms faster convergence) under
shading conditions. In [18] authors achieved by fuzzy-IC
hybrid 97.7 % efficiency with only 53 ms settling time.
Similarly, a modified hybrid predictive control and
adaptive P&O (MPC+P&O) controller improved P&O’s
response by ~35 % and reduced overshoot by 28 % [13].

GWO/PSO hybrids exemplify this trade-off:
authors” GWO-PSO method used GWO for exploration
and PSO for exploitation. It required only two tuning
parameters and converged quickly to the GMPP
independently of initial conditions [15], outperforming
standalone PSO or GWO. In general, global-local hybrids
can achieve tracking efficiencies 298 % with fast
convergence times, at the expense of doubled algorithmic
complexity (and tuning of both components).

The recent literature (2020-2025) shows a clear
hierarchy classical MPPTs are simple and low-cost but
oscillatory and vulnerable to shading; adaptive classical
methods improve dynamic behavior with modest
complexity; intelligent/metaheuristic algorithms achieve
very high efficiency and robust shading performance but
are computationally demanding; and hybrid strategies
combine global search with fast local refinement to
optimize both convergence and accuracy. The choice
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depends on application priorities: if simplicity and low cost
dominate, classical or adaptive methods suffice; if maximal
energy yield under complex conditions is needed, modern
Al or hybrid schemes are preferable [12, 15].

Problem statement. Although many MPPT
approaches have been proposed, practical PV systems
impose the following challenges that are not fully solved
by conventional P&O or IC:

e Rapid irradiance changes shift the MPP quickly fixed-
step algorithms either fail to converge fast enough or
produce large steady-state oscillations [5, 11].

e Under partial shading multiple local maxima appear
simple hill-climbing techniques can be trapped in local
MPPs. Global or hybrid searches can find the GMPP but
add complexity and runtime overhead [3, 7].

e There is no universal optimally methods. Methods
that maximize speed often increase oscillation or
computational effort [2, 9].

The goal of the work is the development and
evaluation of a novel adaptive modified perturb and
observe (AM-P&O) algorithm for a PV system with an
interleaved boost converter (IBC).

The proposed method dynamically adjusts the
perturbation step size to achieve faster convergence and
lessen steady-state oscillations to enhance tracking
efficiency. Its performance is assessed through simulation
with varying irradiance. It is then compared to traditional
methods (P&O and IC) using quantitative metrics such as
convergence time, oscillation magnitude, tracking
efficiency, and computational cost.

Materials and methods. The AM-P&O algorithm
was implemented in MATLAB/Simulink. A standard PV
module model was used under dynamic irradiance
conditions to evaluate the algorithm’s response to rapid
changes in solar input. The performance of AM-P&O was
compared to conventional P&O and IC using tracking
efficiency, convergence time, and steady-state oscillation
as quantitative metrics. Simulations were conducted using
continuous, variable sampling.

PV system modeling. PV cell can be represented by an
equivalent electrical circuit that models its non-linear /-
characteristics under different irradiance G and temperature
T conditions. The most widely used representation is the
single-diode model [21] (Fig. 1). It is adopted for its balance
between accuracy and simplicity. While the double-diode
model offers improved accuracy, it requires additional
parameters that are rarely found in datasheet (diffusion and
recombination diode reverse saturation current, diffusion and
recombination diode ideality factor) and increases
computational complexity.

—I— 4
[dl llsh Rs [pv +

S Z Rsh Vp v
VD

\ A
Fig. 1. PV cell single-diode equivalent model

The output current / of a single-diode model is:
q(V +1IRy)

I1=1,—1Iy(exp ——=|-1), 1

ph ol p( kT ) (1)

where 1, is the photocurrent; /, is the diode reverse

saturation current; R, Ry are the series and shunt

resistances; n is the diode ideality factor; ¢ is the electron
charge; £ is the Boltzmann constant; 7 is the temperature.

The photocurrent /,, depends linearly on solar
irradiance G and is affected by temperature 7

Iph = [Isc,ref +a(T_Tref)]GG > (2)
ref
where G is the incident irradiance; G, is the reference
irradiance (often 1000 W/m?), « is the temperature
coefficient of the current; 7., is the reference temperature;
L. rer 18 the short-circuit current under reference conditions.
The diode reverse saturation current [, varies
exponentially with temperature as:

3
E
Iy =1Io e I exp gl 1 1 )
, Tref nk Tref

where [y, is the reference current; E, is the
semiconductor band-gap energy.

Power converter modeling. The converter used is an
IBC due to its ability to handle high input currents, reduce
current ripple, and improve overall efficiency. It consists of
multiple boost converters in parallel interleaved in operation
with a phase shift (180° for two-phase IBC) (Fig. 2). The
interleaving reduces input current ripple thus minimizes stress
on the PV module and lower electromagnetic interference.

SEER
L, VD,
U
=]

@Sl @Sz c

Fig. 2. Two-phase IBC circuit
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The two-phase IBC [22] used in this work comprises:
two inductors L, L, one per phase; two controlled switches
S1, Sy (typically MOSFETs or IGBTs); two diodes VDy,
VD,; an output capacitor C; a load resistance R;. We can
arrive to the following result after using state space
representation and using the state space averaging technique:

o o 2 1
L L
W lo o 22ixilhp: @
dr L, L,
1-D 1-D _L 0
C C RC
il
X = iLZ (5) Y= Couf Vin; (6) Cﬂut: [0 0 1]5 (7)
"o

where X is the state vector; Y is the output vector; C,,; is
the output matrix; i;;, i;, are the inductor currents; Vj is
the output voltage; V;, is the input voltage; R is the load
resistance; Ly, L, are the inductance of both phases of the
IBC; D is the duty cycle; C is the output capacitance.

The system consists of a PV panel connected to a
two-phase IBC (Fig. 3). The PV voltage and current are
measured and sent to the control block, which runs the
MPPT algorithm. Based on these values, the control
generates a duty ratio that drives the IBC to regulate the
output and deliver maximum power to the load.
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MPPT algorithms. For decades, researchers have
focused on extracting the most power from PV systems,
resulting in a wide range of MPPT techniques. These
range from traditional methods (for example, P&O, IC
and hill climbing) to more modern approaches like as
fuzzy logic, neural networks, PSO and genetic algorithms.
P&O is the most widely used MPPT technique due to its
simplicity and low cost to implement. It perturbs the
operating point of the PV and observes the power if
power increases, perturbation continues in the same
direction; if it decreases, the direction reverses.

It does however display oscillations around the MPP
in steady state and can fail under rapidly changing
irradiance. Furthermore, the fixed step size creates a
trade-off , big step size allow for faster tracking but
increased power loss due to oscillations while tiny step
size reduce oscillations but hinder convergences.

Principle of operation of P&O. P&O is based on
an iterative process that continuously adjusts the duty
cycle of the DC-DC converter to extract the maximum
amount of power possible from a PV [23].

The algorithm measures the new power and
compares it to the last value. If power increases it
continues perturbing in the same direction. If it decreases
it perturbs in the opposite direction (see Table 1).

Table 1
Power voltage cases for P&O algorithm
AP | AV Action
>0 | >0 Increase voltage
>0 | <0 Decrease voltage
<0 | >0 Decrease voltage
<0 | <0 Increase voltage

Principle of operation of IC. Its an algorithm that
improves upon the conventional P&O by directly analyzing
the slope of the power voltage curve of a PV panel. The core
idea is that the derivative dP/dV is 0 at MPP, positive to the
left and negative to the right. Unlike P&O which only
observes the power, IC attempts to mathematically determine
whether the current operating point is to the left or right of
the MPP using both instantaneous and IC [24] (Table 2). Let:

P=1V; (8); dP/dV =1+ V(dl/dV); (9)

For:

dP/dV=0; (10) drdv=-1/v, (11)
where /is the PV current; V'is the PV voltage; P is the PV power.
Table 2
IC principle

Action
Stay at MPP

Increase voltage

Condition
AV#0and Al AV=-1]V

AV#0and Al JAV>-1/V
AV#0and Al AV <-I/V

Decrease voltage
If AI=0: stay at MPP;
if Al # 0: perturb

Proposed modified P&O algorithm. To overcome the
trade-off due to the step size seen in traditional P&O and IC,
an adaptive step-size strategy is introduced, in which it
dynamically adjusts based on the P-V curve and rate of change
of power. Algorithm description is next (Table 3). Let:

A= P(k) - P(k-1);  (12) Ay = V(k)— V(k-1).

AV=0

(13)

Adaptive step size:

A
k) = @y | 1-exp(——)) |, 14
a(k)=a { eXp(ﬂAz)} (14)

where P is the PV power; V is the PV voltage; o,y is the
maximum perturbation step, u is the sensitivity coefficient
(in this article we took #=0.01); A;, A, are the difference
of power and voltage.

Table 3
Power voltage cases for novel modified P&O algorithm
AP | AV Duty cycle D
>01|>0 Increase by a(k)
>0]<0 Decrease by a(k)
<0[>0 Decrease by a(k)
<0 | <0 Increase by a(k)

Simulation setup. PV module parameters. The PV
system model is developed using a commercially available
PV module, with all key parameters carefully extracted
directly from the manufacturer’s datasheet. These parameters
include characteristics such as rated power, open-circuit
voltage, short-circuit current, temperature coefficients, and
other essential electrical specifications. Table 4 summarizes
the simulation model parameters used in this study of the
different control methods for the PV panel.

Table 4
PV module parameters
Parameter Value
Module Zytech Solar ZT280P
Maximum power Py, W 280.33
Cells per module 72
Open circuit voltage V., V 45.25
Short-circuit current /., A 8.4
Voltage at MPP V,,,,, V 35.62
Current at MPP [,,,,, A 7.87
Temperature coefficient of V., %/°C —0.3199
Temperature coefficient of /., %/°C 0.0483
Model parameters
Light-generated current /;, A 8.475
Diode saturation current /), A 6.39-10"
Diode ideality factor 0.9562
Shunt resistance R, Q 194.59
Series resistance R, 0.564
Converter parameters. The IBC used in the

simulation is designed according to the power rating of
the PV module and the desired DC bus voltage (Table 5).

Table 5
IBC converter parameters

Parameter Value
Inductor per phase L, mH 4
Output capacitor C, pF 1000
Switching frequency f;, kHz 10
Number of phases 2
Duty ratio range D [0.1 -0.9]

Load parameters. The load considered in this study
consists of a 900 W electrical device connected in parallel
with a rechargeable energy storage system (Table 6). The
energy storage system is a Li-lon battery, which is chosen
for its high energy density, long cycle life, and efficient
charge/discharge characteristics. This configuration allows
the system to supply the load continuously while
accommodating fluctuations in generation and consumption.
The parallel configuration also allows for the analysis of
transient responses and the impact of load variations on both
the PV system and the battery performance.
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Table 6
Load parameters

Component Parameter Value
Type Li-lon
Nominal voltage, V 96
Battery |Rated capacity, Ah 50
Initial state of charge, % 20
Battery response time, s 30
Load Rated power, W 900
Connection In parallel with the battery

Test scenarios. To evaluate the performance of the
system, several test scenarios are considered, focusing on
variations in environmental and operating conditions. The
primary scenario involves changes in solar irradiance levels,
simulating real-world fluctuations in sunlight intensity.

Performance evaluation metrics. System
performance is evaluated by tracking efficiency,
convergence time, steady-state  oscillations, and
computational cost, which together measure power
extraction, speed, stability, and algorithm efficiency.

Results and discussion. In this simulation, the initial
duty cycle variation (AD) was fixed at 0.01 across all
methods, ensuring a consistent and fair basis for comparison.
Figure 4 shows the irradiance profile applied during the
simulation. The irradiance begins at 1000 W/m?, at 0.6 s drops
to 700 W/mZ, and then rises to 800 W/m’ from 1.2 s to 1.8 s.

1000

G, W/m® ING
New Method

950 P&O

900 -

850

800 [

750

fs

700
0 0.2 0.4 0.6 0.8 1 1.2 14 16 1.8

Fig. 4. Time profile of irradiance applied during the simulation

These irradiance variations are applied to assess the
dynamic performance of the PV system, focusing on its
voltage, current, and power response under rapidly
changing solar conditions. Such an analysis offers
valuable insight into the system’s stability and efficiency
when operating under realistic, time-varying irradiance
profiles. Figure 5 illustrates the duty cycle performance
comparison of 3 MPPT algorithms: IC, P&O, and the
proposed method over a period of 1.8 s. The most notable
characteristic is the dramatically different behavior
patterns between the methods.

D ‘ i

INC
01 fl PRO

New Method

o] 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 t, S

Fig. 5. Duty cycle variation obtained using IC, P&O and the
proposed AM-P&O method

IC and P&O algorithms exhibit pronounced
oscillations, with duty cycles fluctuating between 0.5 and
0.8 due to the fixed perturbation step (AD). In contrast, the
proposed method demonstrates much greater stability, with
only brief disturbances around 0.6 s and 1.2 s, after which it
quickly returns to the steady operating point. This stable
behavior highlights the effectiveness of the adaptive
mechanism in minimizing oscillations, enabling more
accurate MPPT, improved energy harvesting efficiency,
and reduced power loss compared to traditional methods.

Figure 6 shows the PV power output of the 3 MPPT
algorithms over a simulation period of 1.8 s. The results
illustrate how effectively each method tracks the MPP
under changing irradiance conditions. The output
stabilizes around 1400 W initially, then drops to
approximately 1000 W, and finally settles near 1132 W.

INC
New Method
P&0O

1600 F .
Py, W

1400 [erger

1200

1000

800

600 [

400 -

200 [

of . s
0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8
Fig. 6. Instantaneous PV power response under different
MPPT algorithms IC, P&O and the proposed method

While all algorithms are able to follow the MPP
transitions, the proposed method exhibits faster stabilization
and smoother tracking compared to IC and P&O. Figure 7
presents the PV power output of the 3 MPPT algorithms
over a 0.04-second window to provide a clearer view of their
dynamic behavior.

Py, W
1405
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New Method
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Fig. 7. Zoomed-in view of PV power variations
under IC, P&O, and the proposed method

While all methods eventually reach the MPP, their
responses differ noticeably in terms of oscillations. The
proposed method delivers the most stable performance,
keeping the output within just 1-2 W of the optimum. By
comparison, the P&O algorithm shows moderate
oscillations of about 15-20 W above and below the MPP
due to its continuous P&O operation.

The IC algorithm exhibits the most significant
oscillations, with power swings of 20-25 W around the
MPP, particularly pronounced during the initial portion of
the measurement period before somewhat stabilizing.
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Overall, these results underline the superior stability and
efficiency of the proposed method compared with
conventional approaches.

Figure 8 compares the mean output power of the three
MPPT algorithms. The proposed method delivers the highest
performance at 955 W, followed by P&O at 949.5 W and IC
at 946.5 W. Although the numerical differences may seem
modest about 0.6 % higher than P&O and 0.9 % higher than
IC this improvement translates into more efficient energy
harvesting over extended operation. These results confirm
the proposed method’s superior capability to track the MPP

while minimizing power losses.
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Fig. 8. Mean output power comparison of
IC, P&O, and the proposed method

Analysis of trade-offs between speed, accuracy, and
complexity. The comparison of the 3 MPPT methods
(Tables 7, 8) highlights key trade-offs. P&O and IC respond
quickly but exhibit higher oscillations (£15-25 W), leading
to slightly lower mean power (949.5 W and 946.5 W) and
reduced tracking accuracy. The proposed method achieves
high accuracy and minimal oscillations (x1-2 W) with a
higher mean power of 955 W, but at the cost of increased
computational complexity. These results demonstrate that
improved stability and energy harvesting efficiency can be
obtained with more complex algorithms, while simpler
methods offer faster but less precise tracking.

Table 7
Comparative table of the methods
MPPT . Computational
method Duty cycle behavior cost
High oscillations, fluctuates
P&O between 0.5 and 0.8 low
IC High oscillations, fluctuates low
between 0.5 and 0.8
Proposed Stable, minor disturbances hich
method at~0.6sand 1.2 s &
Table 8

Power comparative table of the methods

Power oscillations Mean output
MPPT method around MPP power, W
P&O moderate, £15-20 W 949.5
IC significant, £20-25 W 946.5
Proposed method minimal, +1-2 W 955.0

Conclusions. The proposed method achieved the
highest mean output power at 955 W, outperforming both
P&O (949.5 W) and IC (946.5 W) algorithms. More
importantly, it demonstrated exceptional stability with
minimal oscillations around the MPP, maintaining steady-
state operation without the continuous perturbation’s
characteristic of conventional methods.

The duty cycle analysis revealed that traditional IC
and P&O algorithms exhibit significant oscillatory
behavior as they continuously search for the optimal
operating point. In contrast, the proposed method quickly
converges to a stable duty cycle and maintains it
throughout the test period, indicating superior tracking
precision and reduced power losses.

Under dynamic conditions with varying irradiance
levels, the proposed method consistently followed the
desired MPP while maintaining stable power output. The
reduced oscillations and improved tracking stability
translate to enhanced energy harvesting efficiency, making
it particularly valuable for practical PV applications where
consistent power generation is crucial.

Future work can focus on implementing the AM P&O
algorithm on embedded hardware to validate its real-time
performance and computational efficiency. Its structure also
allows for integration with hybrid or predictive schemes to
further enhance convergence under extreme irradiance
fluctuations or partial shading conditions. Moreover,
combining the proposed method with real-time irradiance
estimation or forecasting techniques could further optimize
energy extraction in grid-connected PV system.
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