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ABSTRACT

The conventional maximum power {point tracking, technique based on Perturb and Observe
remains widely used because of its ease of implementation. However, it often suffers from
sustained power oscillation and poer tracking accuracy under rapidly varying irradiance
conditions. This paper propesesyan Optimized Adaptive Perturb and Observe system that
addresses these limitations by integrating a slope-dependent variable step size method with
dead-band control. During envirenmental transients, the adaptive variable step size responds to
the power-voltagedurve ‘gradient to accelerate maximum power point tracking, whereas in the
quiescent phase, the dead-band thseshold stabilizes the duty cycle under small power variations,
thereby suppressingyundesirable oscillations. Hardware-in-the-loop validation using a boost
converter shows that the proposed system reduces stabilization time from 115 ms to 60 ms,
nearly feliminates _the 6.5 W steady-state ripple, increases total power yield by 12.2%, and
remains suitable, forscommercial-scale photovoltaic systems due to its low computational
demand.

KEYWORDS
Maximum Power Point Tracking, Perturb and Observe, Variable Step Size, Dead-Band Control,
Photovoltaic Systems.

INTRODUCTION

The global expansion of photovoltaic (PV) installations reflects the increasing role of solar
energy in the transition toward cleaner and more sustainable power systems [ 1|. However, the
electrical output of a PV array is highly sensitive to environmental variations, particularly
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irradiance and temperature, which continuously shift the operating point away from the
maximum power point (MPP) [2] . Therefore, maximum power point tracking (MPPT) remains
an important function in PV energy conversion systems, as it directly affects the energy
harvesting efficiency, system response, and practical feasibility of PV applications under
dynamic operating conditions [3].

Among the many MPPT techniques reported in the literature, Perturb and Observe (P&O)
remains one of the most widely used approaches due to its simple structure, easy
implementation and low computational burden, which make it attractive for low-cost
embedded applications [4]. But the standard P&O algorithm has two disadvantages. Firstly,
the use of a fixed perturbation step introduces an intrinsic trade-off between transient speed
and steady-state performance [5]. A large step size increases the speed of convergence,towards
the MPP with a larger oscillation around the operating point. A small step size reduces the
oscillation but decreases the speed of the tracking response [6]. Secondlysthe ‘¢lassical P&O
decision logic is likely to confuse power variations due to environmental ¢onditions'with those
of its own perturbation for rapidly changing irradiance, causing a tracking drift and departure
from the actual MPP [7]. These disadvantages reduce the total harvested energy, especially for
applications under frequent irradiance transitions.

A lot of modified P&O-based MPPT methods have beefnproposed,in recent years to cope
with these limitations [8]. The first group of studies concerns on the strategies based on variable
step size (VSS) where the perturbation magnitude is adaptively.adjusted to obtain a better trade-
off between convergence speed and steady-state, oscillation §9]. Although these methods
generally improve dynamic response, many Of themystill show residual oscillation near the
MPP, particularly under rapidly changing irfadianée | 1 OfThe second group addresses drift via
modified decision logic [11], correction mechanisms [12], current-based perturbation or
model-based formulations [ 13]. These méthodsican improve the accuracy of transient tracking
but usually at the expense of ahcreased logic, increased implementation complexity, or
decreased practicality for low=costgcontrollers. The third group consists of hybrid and
intelligent MPPT methodséimcluding fuzzy-based [14], neural-network-based [15], voltage
scanning [16], modified.coot optimization algorithm [17], and optimization-assisted methods
[18]. These methods<an trackwery well, but are normally more computationally demanding
and so less attractive, whén the main design requirements are simplicity of implementation,
transparency and robustaess,in a real-time system.

From a practicalimplementation perspective, an important gap therefore remains. Existing
VSS-based methods improve convergence speed, but often do not sufficiently suppress
oscillation around the MPP under rapidly varying irradiance [19]. In contrast, methods
develeped tommitigate drift during irradiance transitions frequently rely on more elaborate
control legie,or additional computational burden [20]. Consequently, few low-complexity and
hardware-validated adaptive P&O methods simultaneously provide fast transient response,
reduced steady-state oscillation, and numerically robust operation under rapidly varying
uniform irradiance conditions. For practical PV systems, such a combination is important
because improved MPPT stability not only enhances instantaneous tracking accuracy but also
contributes to more effective energy harvesting over time. A concise summary of the literature
gap and the positioning of the proposed method is presented in Table 1.

In order to fill this gap this paper suggests an Optimised Adaptive P&O (OA-P&O) MPPT
algorithm for PV systems under rapidly changing uniform irradiance. The proposed method
combines a slope-based VSS mechanism with dead-band stabilization in a low-complexity
framework. The perturbation step is adaptively adjusted during irradiance changes based on
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the slope of the P-V characteristic to speed up convergence to the MPP. Near steady state
operation, a dead-band mechanism suppresses unnecessary duty cycle perturbations, leading
to a reduction of oscillation around the operating point. Further, a bounded slope calculation
strategy is proposed to avoid unstable updates in the case of near-zero voltage variation, which
enhances computational robustness for small-signal operating conditions.

Table 1. Summary of the literature gap and positioning of the proposed OA-P&O method

Method Representative Core Drift OSClllaf.ZIOIl Hardw.are / Relative Main
categor references idea mitigation reduction real-time complexity limitation
gory g near MPP validation P
Simple and
practical,
but suffers
Fixed- from the
step . speed—
Conventio [21], [22] perturbati No No Esees(i deely Low oscillation
nal P&O on based ctice trade-off
on power P and drift
response under
rapidly
varying
irradiance
Perturbat Improves
ion step dynamic
is response,
adjusted but residual
Adaptive / accordin oscillation
VSS- [18], [23], [24] gto . Parpal/ Partial Sometimes Low.— may §t111
based operating  indireet Medium remain near
P&O condition the MPP,
sor PV especially
curve during rapid
informati irradiance
ofy changes
Modified Yes
decision Limited /
. Better
logic, method- .
correctio dependent transient
Drift- robustness,
N n terms,
mitigation but often
. current .
/ drift- erturbati requires
avoidance 7], 25] P Partial Medium additional
on, or .
P&O logic, model
. model-
variants . dependence,
assisted .
or higher
update to .
implementat
reduce .
. ion effort
tracking
drift
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search implementat
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deployment
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Slope- implementat
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ion rapidly
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This work has comtributionswin the development of a low-complexity adaptive P&O
structure that integrates slope=based VSS and dead-band stabilisation for fast irradiance
transitions, designingsa boundedsslope computation strategy for stable update behaviour under
very small voltage variations, and hardware-in-the-loop validation of the proposed OA-P&O
method under rapidly varying uniform irradiance. The proposed method has been shown to
produce faster stabilisation, reduced steady-state oscillation, and higher harvested power than
the classic P&Oralgorithm, while being simple to apply for actual PV systems.

BACKGROUND AND PROPOSED ALGORITHM

This_section establishes the theoretical background and structure of the proposed MPPT
system. It begins by evaluating the operational mechanics and key limitations of the
conventional perturb and observe method under dynamic irradiance. It then outlines the core
design of the optimised adaptive perturb and observe algorithm, followed by a detailed
discussion of the slope-bounded calculation and dead-band stabilization mechanisms that
ensure numerical stability and operational robustness.

Conventional Perturb and Observe (P&O)

The conventional P&O approach on analyzing power variations relative to incremental
voltage changes. As demonstrated in [29], its inability to separate environmental fluctuations
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from resulted from control process often leads to instability and drift under dynamic irradiation.
The approach works by effectively comparing the current power output P(k) to the previous
measurement P(k-1). If the power is increasing it means that the system is approaching to the
maximum point and the adjustments will stay in the same direction. If the power is decreasing
the direction of perturbation must be changed to stay on the MPP [30].

The main drawback of this approach is the oscillation under steady-state conditions . Another
important shortcoming is the occurrence of drift phenomena when solar irradiance levels increase
rapidly [31]. This approach also cannot distinguish the isolation changes, resulting in the
displacement of the operating trajectory from the true MPP [32].

Optimize Adaptive P&O (OA-P&O) Algorithm

The OA-P&O algorithm in this work is designed with three main objectives(I).¢limdinating
steady-state oscillations near the MPP; (2) reducing drift during rapid irradianceichanges
without additional sensors; and (3) ensuring computational robustnesssunder, low Wwoltage
variation conditions. The VSS implementation in this algorithm is based on an enhaneed single
slope. The VSS logic is divided based on the power change thresholdg#(epsilon), to achieve an
appropriate balance between tracking speed and system stability, as shownynthe flowchart in
Figure 1
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Figure 1. The proposed algorithm

The suggested\OA-P&O"method is shown in Figure 1. The proposed algorithm Error!
Reference Source net found. and is designed to function in two different modes: a dynamic
mode for fastitracking and a stagnant mode which serves as a dead-band stability mechanism.
If the“absolute change in power |4P| is greater than or equal to the error threshold € (|[4P| > ¢),
the operating point is considered far from the MPP and the controller switches to dynamic mode.
Inythis manmer the perturbation step size is obtained by utilising a variable step-size (VSS)
formulation proportional to the local gradient of the P—V characteristic as indicated in (1) [33] .

Step = M = 22 0
Av

Where M is a positive scale factor that regulates the sensitivity of the adaptive step size,
AP is the power fluctuation between two sampling instants and AV is the corresponding voltage
change. This formulation allows a higher step size at a relatively far operating point from the
MPP (the P-V curve is steeper), thus accelerating convergence. When the operating point is
closer to MPP and its slope is modest, the perturbation step is reduced automatically. This
avoids overshoot and large oscillations about the operating point.
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As AV approaches 0, practical issues arise in slope-based adaptive systems. This can occur
during steady-state operation or because of limitations in sensor resolution. Direct evaluation of
AP/AV under these conditions can yield step values that are too big or numerically unstable. The
proposed OA-P&O method recognises this case and manages it by swapping ¢ for AV. It
guarantees bounded step-size computation and enhances numerical resilience of the controller
without requiring additional sensors or a high-end estimation approach.

The controller enters into stagnant mode if the absolute change in power is less than a
threshold, i.e., |[4P| < ¢. In this mode, the operating point is deemed to be close enough to the
MPP, and superfluous duty-cycle disturbances are suppressed. A dead-band action is
implemented to eliminate repetitive minor disturbances which do not contribute anuch to
tracking improvement but may cause a large rise in steady-state ripple. Therefore, the stagnant
mode stabilises the duty cycle for small power change and enhances the,stcady-state
performance by decreasing the oscillation around the MPP.

The suggested OA-P&O algorithm improves the existing P&@ appreach in two
complementary ways. First, it enhances transient tracking performance viaslope-baseédadaptive
perturbation under fast-varying irradiance conditions. Secondly, itfenhances the steady-state
stability by dead-band-assisted oscillation suppression and bounded slope €valuation. The
controller thus retains the simple structure of the classic P& teehnique but with enhanced
tracking speed, smaller ripple, and better robustness in_thevcase of fast shifting uniform
irradiance.

Optimization and Robustness

The main advantage of the proposed OA<P&O algorithm lies not only the dual-mode
variable step-size feature but also in the systeématic determination of key control parameters
controlling system stability and dynamicdtracking response. The algorithm is designed in a
coordinated way to ensure reliable operation,undex, flictuating atmospheric conditions while
preserving steady-state stability aroufid the MPP.

A major aspect of this robustaess lies in the computation of the adaptive step size. In slope-
based VSS systems, numerical instability arises from the expression AP/AV if the voltage
variation |4V] approaches zero,dufing stead-state operation or sensor resolution limits. The
proposed OA-P&O addresses /this ‘problem by integrating a division-by-zero prevention
technique directly inte‘the'control execution flow. To eliminate mathematical ambiguity, the
controller utilizes_twoy, distinct, \empirically determined parameters: a voltage singularity
threshold (&,) and powerdead-band threshold (ep). When |AV| < &,, the denominator in the

. . e . A .
slope calculation is,constrained to ¢, yielding the bounded computation E—P. This adjustment
v

prevents humerical Singularity and ensures controller stability during online execution. On the
powefyside, ‘thendead-band threshold €, represents the minimal observable power variation
aboveysystemenoise. The controller enters dead-band mode when |AP| < €,, suppressing
duty-cycle perturbations too reduce steady-state oscillations around the MPP.

To ensure operational reliability across dynamic environments, the control parameters
namely &,, €,, and the scaling factor M were determined through empirical, hardware
constrained tuning matched to the signal acquisition setup. Both ¢, and €, where selected
based on the measured noise floor and ADC quantization resolution of the voltage and current
sensing circuits. Setting these thresholds too high degrades tracking sensitivity, whereas setting
them too low allows high frequency noise to trigger unnecessary step updates.

Meanwhile, the scaling factor M governs the slope-dependent step size. A large M
accelerates transient convergence toward the MPP during rapid irradiance changes but can
increase initial overshoots. Conversely, a smaller M offers smoother transitions profiles at the
expense of tracking speed. A sensitivity trade-off analysis guided the selection of M, ensuring
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rapid perturbation scaling during large gradients (2—5) while smoothly decaying as the

operating point nears the MPP prior to triggering the dead-band mode (|AP|< ¢).
Furthermore, the MPPT update interval was chosen to balance dynamic responsiveness and
noise filtering, mitigating drift under rapidly changing environments without increasing
algorithm complexity.

DC-DC BOOST CONVERTER IMPLEMENTATION

In this section, the DC-DC boost converter used as the power interface for implementing
and validating the proposed OA-P&O MPPT algorithm is discussed. The DC-DC boost
converter is designed in such a way that it can provide stable operation, sufficient veltage gain,
and fast dynamic response, so that the improvements in performance can be mainly duéto the
MPPT algorithm and not due to the limitations of the DC-DC boost converter. The adjustment
of the PV operating point to the MPP is typically performed by a DC-DGseenverter interface
[34]. Of the many options, the most used MPPT device is a DC-DC boast converterd35|. Its
main utility lies in its ability to synchronize the input impedanee “with the dynamic
characteristics of the PV array while simultaneously boosting'the veltage®for end-use
applications like grid connection. Moreover, the tracking process is'tealized by using duty cycle
as a fundamental control input, allowing for continuous adjustment of*the input voltage to
match the target set by the MPPT algorithm.

The boost converter stage comprising an inductor, a MOSFET power switch, a fast-
recovery diode, and filtering capacitors is integrateddirectly inte the overall experimental setup
depicted in Figure 2. Component values were calculated using the standard design equations
given in (2)-(5) [36].

Vour _ 1 2)
Vpy  1-D
% (3)
> <«
6 = 8 2x/Lx AV;,
Jo =D @
X RX AV
Dx (1-D)%x R (5)
[ = "
rxf

Based on (2)-(5), the eomponent value for the boost converter is obtained as presented in
Table 2. Someswof the value used in the boost converter hardware, as shown in Table 2, are the
result of optimizatiomadjusted to safety margin of commercially available components.

Table 2. Boost converter parameter values

No Parameter Value
1 Input voltage 362V
2 Duty cycle 0.6
3 Output voltage 90.5V
4 Frequency 20 kHz
5 Input capacitor 100 uF
6 Output capacitors 100 uF
7 Inductor 2.2 mH
8 MOSFET IRFP460
9 Diode MUR1560G
10 Resistor 70 Ohm

Journal of Sustainable Development of Energy, Water and Environment Systems 8



Krismadinata, K., Asnil, A., et al. Year 2027
An Adaptive Perturb and Observe Maximum Power Point Volume 15, Issue 1, 1140783
Tracking Algorithm with Dead-Band Control for Photovoltaic

Systems Under Rapid Irradiance Changes...

The objective of determining the specifications of the components is to realize satisfactory
voltage amplification, reduce ripple, and high operational threshold across all test conditions
of irradiance. In addition, inductance value and capacitance rating are specified to realize the
Continuous Conduction Mode (CCM) with reduced input voltage fluctuations, which is
important for voltage sensing stability.

The boost converter will be controlled to operate in CCM with a switching frequency set to
20 kHz. This ensures a transient response that will be considerably faster than one obtained by
the MPPT’s sampling frequency. Hence, the boost converter’s response will not be a bottleneck
for the tracking performance, validating the improvement achieved by the proposed QA-P&O
logic.

EXPERIMENTAL SETUP

The experimental setup was developed to evaluate the real-timegpérformance of the
proposed OA-P&O algorithm under rapidly varying uniform irradianc¢e conditions and to
compare it fairly with the conventional P&O method. The test platforim coensists ofa PV source,
a boost converter, a controller implementation unit and measuring devices™to record the
electrical response of the system. Figure 2 shows the overall sétup of the MPPT test bench.

In the test platform, the PV source is connected to a-boost conyverter that serves as the
power-conditioning stage. The converter provided a controllable,interface between the PV
module and the load, allowing the MPPT to control thefoperating point by duty-cycle
adjustment. Table 2 shows the converter settings.«Thissarrangement is used in order to make
the measured response represent the performance of the MPPT algorithm under actual
operating conditions and to simulate a practical PV_energy/conversion system.

Furthermore, the controller is developed iafreal time and programmed to perform the
MPPT updating procedure based on the measured RVivoltage and current signals. From these
signals, the instantaneous power wa$ estimatedy,and the associated values of AP and AV are
used for the determination of the'perturbation step according to the selected algorithm. The
suggested OA-P&O used the adaptive Step-size logic, bounded slope calculation, and dead-
band mode, as mentioned in'the,prévious section. For comparison, the typical P&O algorithm
is implemented on the same, platformywith the identical sensing signals, converter, switching
conditions, and test sgénaries.

Arduino
UNO

L
| TFT |
- ) f‘_

I PT2710 TULUL :,F-_-, H
> EHEEE

—————» B tidsd

DP-25 — )

Photovoltaic
GW-Instek
GDS 2104-E

Figure 2. Block diagram of the MPPT system testing
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This experiment is conducted under laboratory conditions so that natural sunlight is
emulated using thirty-six halogen lamps, each rated at 150 W. Figure 3 shows how six sets of
halogen lamps are organized to provide controlled fluctuations of irradiance. The switching
and management of these lamp groups was adapted to the irradiance patterns summarised in
Table 3. This configuration allowed several tests at varying irradiance levels and quick
environmental transitions, giving a controlled framework for the assessments of the tracking
behaviour of both the standard P&O and the suggested OA-P&O algorithms.

e & © ©\(® ®
oo olee
eeoeeole e
® 9o e([® @)
o o@ oee
2 ee oo e

Figure 3. Halogen lamp grouping for illumifiation variation

Table 3. Halogen lamp configuration

Pattern Halogendamp
Groupl  Group2*, Group3e Group4 GroupS5  Group 6
I ON ON ON ON OFF OFF
II ON ON ON ON ON ON
111 OFF OFE OFF OFF ON ON
IV ON ON OFF OFF ON ON

These irradiance w/ariatioh prefiles are utilized to characterize abrupt environmental
transitions as well as‘near-steady-state operational regions. Both algorithms are tested under
the same operatiofial'eonditionsufor each test pattern. The methodology is constructed to assess
the tracking capabilitiesysteady state stability, and robustness of each approach consistently
and reliably. The experimental hardware used for validation is shown in Figure 4. It consists
of the halegen lampyarray, boost converter, controller platform, and measurement equipment.

Seme of the variables are captured during the tests including PV voltage, PV current,
output power,»tracking response and ripple behaviour near steady state operation. The
éxperiments are conducted and compared for the stabilisation time, steady-state oscillations
and‘harvested power for the applied irradiation pattern. The implemented setting, with the real-
time impleémentation and the controlled variations of the irradiance, provides a reliable base for
the assessment of the practical efficiency of the proposed OA-P&O method.

RESULT AND DISCUSSION

This section discusses the experimental validation of the proposed OA-P&O algorithm and
compares it with the conventional P&O approach under the same laboratory settings. The
evaluation is made on the basis of three key performance indicators, including harvested power,
steady-state oscillation and transient tracking speed. Figure 4 experimental hardware designed
based on the schematic of the converter illustrated in Figure 2. The same platform was used to
evaluate the practical MPPT performance of both controllers under identical working
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conditions. The measured dynamic responses of the traditional P&O and the suggested OA-
P&O are shown in Figure 5 and Figure 6, respectively, and the relevant steady-state and
transient performance parameters are summarised in Table 4 to Table 7. Besides the
comparison of the numerical results, this part analyses the contribution of the adaptive variable
step-size mechanism and dead-band operation to the observed improvement in the tracking
accuracy, oscillation suppression and power extraction capabilities.

Figure 4. Experimental hardware (solar simulator, conyérter, and measurement equipment)

Performance of Conventional Perturb & Observe (P&O)

Figure 5 shows the experimental response,ofithe conventional P&O algorithm for the
irradiance variation patterns studied in this work. The baseline method fulfils its purpose of
tracking, as a general rule, the controllesfis ¢apable offmoving the operating point in the
neighbourhood of the MPP, after each variation of”irradiance. However, the measured
waveforms also demonstrate an obyious limitation of the fixed-step perturbation strategy,
particularly when the operating peintiis neag the steady-state operation. The controller keeps
disturbing the duty cycle instead of a smooth settling. This creates repetitive volatility in the
output response.

The quantitative results summarised.ifn Table 4 support this behaviour. The worst deficiency
of the studied patternsds found 1n pattern II with a power ripple of 6.5 W. This finding implies
that the fixed perturbation step still works when the operating point is near the MPP, resulting
in undesirable oscillation arotnd the optimal zone. This perturbation is intrinsic to the
conventional P&Q principlesHowever, its practical result is a decrease in the energy extraction
efficiency since a part of'the working time is spent away from the genuine maximum power
point. The,voltage and current responses likewise exhibit limiting ripple behaviour, suggesting
that the,constraint is structural rather than incidental.

Journal of Sustainable Development of Energy, Water and Environment Systems 11
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Figure 5. The performance of the conventional P&O MPPT algorithm withithe,outputs is Vpv,
Ppv, and Ipv (scale 10s/div; Vpv (Chl) 20V/div; Ipv (Ch2) 4A/div; and, Ppv (mathytrace) 200 W/div)

Table 4. The measured of Voltage, current, power ouput, and oscillatien steady state condition

using P&O algorithm
Pattern Photovoltaic Output Oscillation steady state

Voltage Current Power Voltage  Current Power

[A] [V] W] [V] [mA] [W]

I 19.01 0.951 18.09 ND ND ND

II 35.44 1.984 70.31 ND 560 6.5
I 18.11 0.916 16.59 ND 320 NA
v 18.15 0.915 16.61 ND 320 NA

ND: not detected within the measurement resolution of the data acquisition system.

The transient tracking performanee of the conventional P&O is summarized in Table 5. The
slowest response is observed duringithe c-to-d transition, where the power signal requires 115
ms to stabilize. The ¢-to-f Aransition also shows a relatively long stabilization time of 90 ms.
These results reveal the well-khewn trade-off of fixed-step P&O control: a perturbation step
that is sufficiently,large te chsure acceptable transient motion may still be too large for steady-
state operation, theteby causing persistent oscillation after convergence. Therefore, while the
conventidnal \P&O temains attractive because of its simplicity and low implementation cost,
the experimental results confirm that its fixed-step structure limits both steady-state stability
and transienteesponsiveness under rapidly varying irradiance conditions.

Table 5. Tracking speed metric of using P&O algorithm

Transition Tracking speed
[ms]
Voltage signal  Current signal Power signal
atob 85 83 85
ctod 115 80 115
etof 80 70 90
gtoh ND ND ND

Journal of Sustainable Development of Energy, Water and Environment Systems 12
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ND: not detected within the measurement resolution of the data acquisition system.

The limitations observed in the conventional P&O results provide the experimental basis
for evaluating whether the proposed OA-P&O can improve both dynamic tracking and steady-
state stability through its adaptive step-size and dead-band mechanisms.

Performance of the Proposed OA-P&O Algorithm

The operational results of the introduced OAP&O MPPT schema are illustrated in Figure
6 which demonstrates a significant suppression of steady-state ripples. In contrast to the
conventional P&O method, the measured waveforms show a smoother transition toward the
operating point and a more stable behaviour once the system approaches the MPP. This
response indicates that the proposed controller is able to adapt its perturbation action aceording
to the operating condition, allowing faster correction during irradiance transitions‘while
avoiding unnecessary fluctuations near steady state. As a result, the overallstracking behaviour
becomes more consistent under varying operating conditions.

The steady-state performance of the proposed OA-P&O is givemsinlable 6. The proposed
controller clearly shows the reduction of oscillatory behaviour around the MPPswith respect to
the existing technique. The results show that no quantifiable steady-state ripple found for the
investigated patterns. It indicates that the dead-band mechanism_suceessfully suppresses
unnecessary duty-cycle perturbations when the power fluctuation is considered small. This
behaviour is important because it allows the controller to rémain close to the maximum power
region without continuously forcing the operatingépéint to move around it. The increase in
measured output power across all test patterns, also indicates that ripple reduction directly
contributes to increased energy harvesting.

GWINSTEK 16k pts 1805a/s Stop 86 Oct 2825 12:16:46

Ipv . L L,

@ zeeu CHI=CH2 1

) 18 meeees ) © | w 5

Figure'6. Performance of the OA-P&O MPPT algorithm with the outputs is Vpv, Ppv, and Ipv
(scale: 10s/div; Vpv (Ch1) 20V/div; Ipv (Ch2) 4A/div; and Ppv (math trace) 200 W/div)

Table 6. The measured of voltage, current, power ouput, and oscillation steady state condition
using OA-P&O algorithm

Pattern Photovoltaic Output Oscillation steady state
Voltage  Current Power Voltage  Current Power
[A] [V] [W] [V] [mA] [W]
I 19.59 1.108 21.71 ND ND ND
I 40.26 1.959 78.87 ND ND ND
I 18.89 1.050 19.83 ND ND ND
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IV 18.91 1.049 19.84 ND ND ND

ND: not detected within the measurement resolution of the data acquisition system.

The transient performance of the proposed OA-P&O is further presented in Table 7. The
tracking speed time indicate that the controller exhibits a faster response than the conventional
P&O during irradiance transitions, particularly for the most challenging operating adjustments.
The improvement is related to the adaptive VSS mechanism which enhances the step of the
perturbation when the operating point is far from the MPP and diminishes it when the operating
point is near the optimum region. Therefore, the suggested controller boosts the convergence
speed without losing the steady-state stability. The experimental results show that the OQA-P&O
algorithm provides a more balanced MPPT behaviour, combining a faster transiefit tracking
with a reduction of the steady-state oscillations.

Table 7. Tracking speed metric of using OA-P&O algorithm

Transition Tracking speed [ms]
Voltage signal  Current signal Power signal
atob 80 60 80
ctod 100 65 90
etof 60 55 60
gtoh ND ND ND

ND: not detected within the measurement resolution_ of the data acquisition system.

Comparative Performance Analysis

A direct comparison between the conventionaliP&Qrand the proposed OA-P&O shows that
the benefits of the proposed method”are notylimiteéd to a specific performance parameter.
Instead, the experimental results demonstrate %a simultancous improvement in both the
harvested power and the transignt response. The OA-P&O controller is proven to be capable
of handling phenomena suchgas steady-stat€ oscillations and slow convergence under rapidly
changing irradiance conditions.

The comparative energysharvesting capability is shown in Figure 7Error! Reference
source not found., where the ayerage output power obtained in four experimental operation
patterns is givengIn“all ¢ases,"the proposed OA-P&O achieves higher average output power
than the conventional P&OyThis improvement is mainly due to the capacity of the OA-P&O
to decrease tinnécessary perturbations near the MPP. The dead-band mechanism under steady-
state conditions prevents repetitive updates of the duty cycle when the power variation becomes
sufficiently'small, minimizing oscillation-induced power loss.

Furthermere, the adaptive variable step-size mechanism under dynamic operating
donditions ‘provides a faster movement to the new operating point, which further decreases
energy waste during irradiance transitions. In the most demanding working pattern, the output
power improves from 70.31W for the traditional P&O to 78.87W for the proposed OA-P&O,
demonstrating a considerable improvement in the energy harvesting capability.
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Figure 7. Comparative average power generated under experimental operating pattetn

The transient performance of the system is also analysed in the aspect of the tracking speed.
The comparison of the PV power stabilisation time between the ¢onventional P&O and the
suggested OA-P&O under the transient events is shown in Figure 8. The values on the vertical
axis represent the time required for the PV power signal to seftle following'an abrupt shift of
irradiance. The results demonstrate that the proposed OA-P&O,consistently yields a reduced
stabilization time compared to the traditional P&O in all‘'measurable transitions.

This improvement is mainly owed to the adaptive WSS mechanism that alters the
perturbation step based on the slope of the P-V charactesistic. Therefore, the controller speeds
up the convergence if the operating point is far awaysfrom the MPP, but ensures stable tracking
when it approaches the new MPP.

To further position the proposed method within the broader context of P&O-based MPPT
developments, Table 8 presents a comparative feature analysis between the introduced OA-
P&O and several representative MPPT methodsyreported in the literature. The comparison is
carried out with respect to severalimportant design characteristics, including variable step-size
capability, dead-band implementation, requirement for extra sensors, drift mitigation, and
computational complexity,

140
M Con. P&O W OA-P&O
120
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80
[i]
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Time to stabilize PV power signal
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Figure 8. MPPT power stabilization time comparison during transient events

Table 8 positions the proposed OA-P&O relative to representative P&O-based MPPT
methods reported in the literature. Unlike the conventional P&O, the proposed method
incorporates both adaptive VSS control and dead-band stabilization. Compared with the
adaptive VSS approach in [7], which provides only partial drift mitigation through step-size
adaptation, the proposed OA-P&O introduces an explicit bounded-slope mechanism to prevent
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unstable updates when the voltage variation becomes very small. In contrast to the drift-free
method [37], which requires additional sensing, the proposed OA-P&O achieves explicit drift
mitigation without extra sensors. Therefore, the main advantage of the proposed method lies in
integrating adaptive tracking, oscillation suppression, and bounded update behaviour within a
structurally simple implementation framework.

Table 8. Comparative feature analysis of various MPPT algorithms

Method VSS  Dead-band Extra Drift Complexity basis
stabilization sensors  mitigation
Conventional X X X None Basic fixed-step
P&O arithmetic
Adaptive VSS \ X X Partial Adaptive slope
P&O [7] evaluation
Drift-free P&O x \ Explicit Adaptive Togie'with
[37] additional sensing
Proposed OA- \ \ X Explicit Adaptive'logic with
P&O dead-band and

bounded-slope update

In contrast, the proposed OA-P&O combines three important features within a unified low-
complexity framework: adaptive variable step-siz€wcontroly, dead-band stabilization, and
bounded slope evaluation for drift mitigation. Unlike the drift-free method in [37], the proposed
method does not require extra sensors, and unlike the'adaptive VSS method in [7], it explicitly
incorporates a dead-band mechanism to_suppress unnegessary perturbations near the MPP.
Thus, the fundamental contribution of the proposed QA-P&O is not only the introduction of
another adaptive perturbation approach but alse, the realistic implementation of fast tracking,
oscillation suppression and computational robustness without noticeably raising the
implementation overhead.

The comparison indicatés,that the suggested OA-P&O can be regarded as a feasible
compromise between simplicity/of implémentation and better MPPT performance. It maintains
the structural simplicity of the P&O,with the addition of sufficient adaptive intelligence to
improve both transient and stcady state performance under rapidly fluctuating irradiance
conditions. The rgsultsalse reveal that the suggested OA-P&O surpasses the conventional P&O
in terms of harvested powerjsteady-state stability and transient tracking speed.

It is worth acknowledging certain operation boundaries of the proposed OA-P&O
controlleryparticulatly under complex atmospheric scenarios. While the algorithm effectively

minimizes steady:state oscillations and accelerates tracking speed under uniform irradiance
AP

shifts,vits'gelianee on local gradient updates (—) presents challenges during Partial Shading

AV
Conditions (PSC). In such non-uniform environments, the P-V curve develops multiple local

peaks*Without a global scanning mechanism or stochastic optimization routine, local gradient-
based methods like OA-P&O can become trapped at a local maximum power point if the initial
operating state lies within its catchment zone. Addressing multi-peak tracking under severe
shading without inflating computational complexity remains an open direction for future
integration.

CONCLUSION

The proposed Optimised Adaptive P&O (OA-P&O) algorithm aims to eliminate the main
drawback of the conventional P&O approach especially steady state power oscillation and slow
convergence under rapidly fluctuating irradiance. The suggested method combines adaptive
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variable step-size control, dead-band stabilisation and bounded slope computation mechanism
with a low-complexity framework.

The results demonstrated that this method is able to enhance the MPPT performance in two
crucial aspects. First, the dead-band technique is able to eliminate unnecessary perturbations
around the MPP and minimises steady-state oscillation. Secondly, the constrained slope
calculation results in more robust calculations by preventing unstable updates as the voltage
fluctuation tends to zero. Experimental validation showed that the suggested technique delivers
faster stabilisation, smaller ripple, and higher collected power in comparison with the standard
P&O for all the investigated operating patterns.

Overall, the OA-P&O offers a practical improvement over the conventional P&Q,without
requiring additional sensors or significantly increasing implementation complexity. Finally,
while the hardware-in-the-loop (HIL) experimental results confirmed the efficacyfof the
proposed OA-P&O algorithm across four representative dynamic scenarios, real-wordoutdoor
field test under unconstrained and continuous meteorological fluctuationsswere not conducted.
Testing twin parallel physical PV setup under natural outdoor conditions presénts‘a high
valuable avenue for future research to further validate long-term @pe€rational durability and
energy harvest gains under actual environmental dynamics. Additionally, futiré work should
investigate its performance under partial shading conditions«andexplore Al-based adaptive
turning for further enhancement
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