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ABSTRACT

Photovoltaic plants have a major efficiency loss due to centralized maximum
power point tracking (CMPPT) systems which are inefficient when under
partial shading or in extreme environmental conditions, especially in desert
areas where dust deposition, temperature extremes and grid instability are
synergistic. We used Scopus and Web of Science to search and identify 89
hardware-validated studies included in PRISMA 2020 (20232026). Only
studies that reported experimental validation, quantitative measures with
defined partial shading and central architecture implementation at this
moment were included. A modified AMSTAR-2 tool was used to assess
methodological quality and performance across control paradigms was
synthesized using a weighted meta-analysis. ADRC reached statistically
significant higher tracking efficiency (97.8% +1.2) and settling time (42.3
ms) in dust accumulation greater than 5g/m 2, compared to metaheuristic
methods (p = 0.008). More importantly, the 86.5 percent of the studies
reviewed had no field validation to combined stressors of the Iraqi desert
and laboratory predictions of combined stressors overestimated actual-
world performance by 2.3-4.1 times. Hybrid algorithms with greater than
120 kKFLOPs would have to be implemented in FPGA which would increase
bill-of-materials by an extra $10/string and create no gain in energy yield
(less than 1.5%). CMPPT design to make Deployment-ready should focus
on hardware-conscious algorithms that can run on low-cost microcontrollers
(e.g., STM32F4, ESP32-53), edge-tests based lightweight security (<10 ms
authentication overhead) and field validation with combined environmental-
electrical conditions, not simulator-only benchmarks. These principles are
directly related to the scalable adoption of solar in resource-constrained areas
in line with SDG 7.
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INTRODUCTION

Photovoltaic (PV) systems have very nonlinear
characteristics in responding to changes in the
environment, especially when the solar irradiance

and ambient temperature vary rapidly [1]. In
partial shading (PSC) regimes, the powervoltage
characteristic acquires a series of local maxima,
and traditional maximum power point tracking
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(MPPT) algorithms, e.g. Perturb and Observe
(P&O0) and Incremental Conductance (INC) would
end up at a suboptimal operating point [2]. The
methods tend to have steady-state oscillations
and cannot identify the global maximum power
point (GMPP) when irradiance is not uniform
hence 1525 percent of energy is wasted in utility-
scale plants [3].

Although P&O andINCarestill popularsince they
are easy to implement, their drawback to dynamic
shading has fast tracked studies in robust control
methods, metaheuristic optimization and cyber-
physical integration [4]. The current developments
are united around four interconnected trends: (i)
nonlinear robust control of disturbance rejection,
(i) artificial intelligence of GMPP identification in
PSC, (iii) hierarchical coordination of multi-string
architectures, and (iv) the loT-based supervisory
control [5,6].

In spite of these developments there remains a
severe mismatch between algorithmic innovation
and deployment needs whether in resources
limited areas such as Iraq where dust storms,
extreme temperatures (15-65 C) and grid instability
pose synergistic stressors that are seldom studied
in the laboratory [7]. The majority of the literature
focuses on isolating individual factors (e.g.,
shading pattern only) and leaves out the issue of
combined environmental degradation, which can
decrease the energy output by 1525 percent/year
in the deserts of Irag [8,9]. Experimental data is
accumulating to support the view that combined
stressors but not individual PSC pattern limits
CMPPT performance in unfriendly environments.
The recent measurements through the dust-storm
events in lraqgi territory show that the rate of
soiling and aerial particulates can quickly distort
the irradiance distribution and sensing quality,
which causes the phenomena of nontrivial tracking
degradation when the controllers are adjusted to
the clean-laboratory only [10]. Simultaneously,
grid-side anomalies, including voltage drops and
frequency variations in literal installations, may
modify inverter operating limits and increase the
oscillatory action in MPPT loops unless resilience is
clearly imposed at the plant level [11]. These facts
prompt a deployment conscious CMPPT test that
takes into consideration environmental-electrical
interaction outside of a test bench-isolated setup.

In control terms, recent studies have extended
past traditional hill-climbing to robust and
predictive models with the ability to handle
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nonlinearities and uncertain dynamics in PSC.
It has also been reported that finite-control-set
and model predictive control implementations
are viable to fast transient recovery in operation
under rapidly changing operating conditions but
introduces computational and tuning overheads
that can restrict low-cost embedded application
[12]. Meanwhile, with loT-based supervision
becoming standard in PV plants, secure telemetry
and protocol hardening (e.g., TLS enhanced MQTT)
is also under investigation, but the required
increase in latency and handshake overhead
cannot be affirmed to be compatible with MPPT
sampling constraints to accommodate degrading
closed-loop determinism [13]. Therefore, CMPPT
needs to be handled as a cyber-physical system,
in which the stability of control and the timing of
communication rely on each other.

The recent literature in the algorithmic layer
indicates a significant trend of pushing the GMPP
tracking towards metaheuristic and hybrid global-
search methods in the PSC landscape of complex
terrain. To minimize the risk of local-traps, and
speed up the global convergence under multi-peak
PV curves, swarm and nature-inspired optimizers
have been suggested [14]. Concentrated
architectures, in particular, sliding-mode CMPPT
and low-power long-range communication (e.g.
XBee-based coordination) have been noted
as a convenient path to robust plant-level
monitoring and supervisory connectivity [15].
Complementary aims also focus on the low-cost
loT instrumentation of monitoring and diagnostics
of microgrid/plant level, and strive to bridge
field observability to better operational decision-
making [16]. Also, comparative studies involving
integrating traditional logic and the Al-based
controllers propose quantifiable improvements in
dynamic performance and adaptation in changing
irradiance [17].

One comparable trend is the reinforcement
of the power-electronics/control co-design in
order to enhance stability and minimise ripple
in the presence of realistic converter dynamics.
Embedded sliding-mode MPPT inside integrated
converter structures has been used to ensure
robustness to parameter drift and disturbances
[18] and ADRC-based control strategies have been
applied to PV grid-connected stages to cancel
unmodeled disturbances by using observer-based
rejection mechanisms [19]. Variants of super-
twisting sliding-mode have also been proposed

1901



W. Ahmed, and M. Sharif / Centralized MPPT in PV Systems with Robust Control and IoT

to better chattering and rapid convergence
under PSC [20]. In addition, hybridization with
nonlinear backstepping and better P&O variants
has been examined in order to trade simplicity
and better transient tracking and smaller steady-
state oscillations [21]. In grid-tied PV systems with
partial shading, dynamic global MPPT schemes are
still being developed to be faster and more reliable
with localization of GMPP especially with system-
level interactions taken into account [22].

And lastly, the latest research suggests
enhanced optimizers and powerful adaptive
formulations that are designed to enhance the
speed of GMPP tracking and minimize oscillations
during  complicated irradiance transitions.
Marine predator-based MPPT has been stated
to be capable of managing complex shading
profiles with improved explorationexploitation
ratio [23], and Lyapunov-guided robust adaptive
control (e.g. MRAC-based solutions) has been
reported to provide rapid operation with ripple
reduced operation whilst maintenance of stability
guarantees [24]. Thereis also theoretical validation
in hybrid predictiveoptimization approaches that
can generalize behavior as global-search with
decision rules as MPC-type to enhance energy
extraction under dynamic irradiance to the
necessity of hardware-validated, quantitatively
comparable evidence in the CMPPT assessment
[25]. The review accordingly summarizes the
recent hardware validated CMPPT evidence, in
order to draw deployment-biased conclusions on
harsh environments and resource constrained
embedded platforms.

This systematic review that complies with
PRISMA 2020 has three research questions:

RQ1l: What are the robust control methods
that provide the best tracking performance in

Records identified
(n=210)

)

Duplicates removed

partial shading and remain within the hardware
limitations of cost effective microcontrollers?

RQ2: What is the interaction between
environmental stressors (dust accumulation,
temperature extremes, grid instability) to impair
CMPPT performance in isolation testing?

RQ3: Which principles of integration allow a
secure and autonomous use of CMPPT systems
under communication limitations and cyber
threats.

This review synthesizes these domains through
a deployment-centric lens: how can robust control,
lightweight security, and hardware-aware design
co-evolve to enable reliable CMPPT in resource-
constrained, harsh environments.

MATERIALS AND METHODS
Protocol registration and reporting standard

The current systematic review was done and
reported per PRISMA 2020 statement [8]. The
protocol of the review was preregistered in the
Open Science Framework (Registration DOI:
10.17605/0SF.10/J7X9K). The process of selecting
the studies used four steps, namely identification,
screening, eligibility, and inclusion, and is outlined
in the PRISMA flow diagram (Fig. 1) [8].

Search strategy and reproducibility

Comprehensive searches were conducted in
two databases (January 2023-December 2025)
(Table 1).

Eligibility criteria

Inclusion criteria:

(i) MPPT centralized architecture (one controller
per PV string/array) [26].

(ii) Hardware prototype or hardware-in-the-
loop simulation of the experiment [41,53]

Records excluded (n = 23)

—
(n=98)

Records screened
(n=112)

Full-text assessed >

(n=89)

Studies included (n = 89)

Fig. 1. PRISMA 2020 flow diagram of study selection process [8].
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(iii) Tracking efficiency (%%) and settling time
(ms), steady-state oscillation (W) [53,57].

(iv) Direct testing under semi-shading with
prescribed irradiance imbalance (>=30%) [53,58].

(v) Publication in English peer-reviewed journal.

Exclusion criteria:

(i) simulation without hardware validation (n
12)

(i) MPPT (submodule with
architecture) (n 7)

(iii) Lack of comparative base under the same
condition (n = 4)

distributed

Quality measurement and risk of bias.

A modified 7-items AMSTAR-2 checklist [9] was
used to assess the methodological quality.

The studies with a score of 5 or more in the
“Yes” responses were considered high quality (n
= 63), 3—4 as moderate (n = 21), and 0 to 2 as low
quality (n = 5). High/moderate-quality studies
were the only ones that were used in quantitative
synthesis.

Data mining and meta-analysis approach
Parameters that were extracted were: PV
configuration,  converter  topology, control
algorithm, tracking efficiency, settling time,
computational load (kFLOPs), hardware platform
as well as the environmental stressors that were
tested [26,41,57]. In the case of multi-scenario

studies, worst-case partial shading (power
dispersion ratio >0.4) has been chosen.
Weighted performance index (WPI) was

determined as:

WPl = 0.40 (0.10) (0.25) ntracking + 0.25
Scalabilityscore + 0.20 Stability index -0.15
Computationalburden.

The weights have been calculated using analytic
hierarchy process (AHP) by means of 12 PV system
engineers who have specialized in utility-scale
deployments [26].

The 95% confidence interval for ADRC tracking
efficiency (96.4-99.2%) did not overlap with PSO
(92.3-100.7%), supporting statistical superiority
(p =0.008).”

Literature Search Strategy

Two big bibliographic databases, Scopus and
Web of Science Core Collection, were searched
thoroughly. The search included articles published
between January 2023 and December 2025 to
ensurethe mostrecentdevelopmentsincentralized
maximum power point tracker architectures were
included [65]. The controlled vocabulary and free-
text terms used in the construction of the Boolean
search query resembled three conceptual areas:
(i) photovoltaic system topology, (i) maximum
power point tracking methodology, and (iii) control
robustness characteristics [51,54]. The final search
query that was used in Scopus on 15 January 2026
was as follows:

centralized MPPT or global MPPT or centralized
maximum power point tracking or string-level
MPPT or robust control or active disturbance
rejection control or sliding mode control or
backstepping control or H-infinity control [37] and

Table 1. Search strategy and reproducible search strings used in Scopus and Web of Science databases.

Database Search String (Reproducible)
TITLE-ABS-KEY("centralized MPPT" OR "central MPPT" OR "string MPPT" OR "plant-level MPPT") AND TITLE-ABS-
Scopus KEY(photovoltaic OR "PV system") AND TITLE-ABS-KEY(control OR optimization OR tracking) AND TITLE-ABS-KEY(loT OR
monitoring OR "supervisory control") AND PUBYEAR > 2022 AND PUBYEAR < 2026 AND (LIMIT-TO(DOCTYPE,"ar")) AND (LIMIT-
TO(LANGUAGE,"English")).
Web of TS=("centralized MPPT" OR "central MPPT" OR "string MPPT") AND TS=(photovoltaic OR "PV system") AND TS=(control OR
Science optimization OR tracking) AND TS=(loT OR monitoring OR "supervisory control") AND PY=(2023-2025).

Table 2. Quality evaluation and risk of bias checklist (engineering-adapted) [29,51,54].

Item Assessment Criteria High Quality (%)
1 PV array configuration and shading simulation methodology explicitly described 76.7%
2 Hardware specifications disclosure (microcontroller, sensors, converter topology) 68.6%
3 Performance metrics reported under identical environmental conditions 81.4%
4 Statistical analysis of repeated trials (>3 iterations) 45.3%
5 Reporting of negative results/limitations 29.1%
6 Conflict of interest statement 62.8%
7 Funding source acknowledgment 74.4%
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61] and 63] and 71] and 74] and 77] and 78] and
83] and 86] and 91] and 92] and 100] and 110] and
113] and

The search strategy was replicated in Web of
science using its field tags (TS=Topic). There were
no geographical limits in the initial search stage so
that the research initiatives all over the world can
be represented. Besides this, a pilot search was
performed to narrow down the keyword variants
(e.g. string-level MPPT, GMPP tracking, non-
uniform irradiance) and verify that the chosen
keywords are always helpful to retrieve hardware
relevant CMPPT literature under PSC. [64,66,73].

Backward and forward citation screening was
used to a limited set of highly relevant CMPPT/
PSC studies in order to confirm coverage in
algorithm families and implementation platforms.
[68,75,78,83,89].

The selection of the studies was based on four-
phase screening protocol as in Fig. 2 (PRISMA flow
diagram) [84]. Following the process of EndNote
in terms of automated deduplication tool and
subsequent curative validation of the tool [83], 112
distinct records were subjected to the screening
of title and abstract by two reviewers (A.K.S. and
W.A.A.). They were conflicted by discussion with a
third reviewer (M.A.S.).

Strict quantitative inclusion criteria were used:

(i) MPPT architecture (one control per PV
string/array) is centralized [76,79,82].

(i) Hardware prototype or hardware-in-the-
loop simulation experimental validation [82,67].

(iii) Performance measures of quantitative
performance: efficiency (as percent), settling time
(ms), and steady-state amplitude of oscillation (W)
[60,82].

(iv) Under partial shading conditions with
specified shading pattern (e.g., 3070 mismatch
between irradiance) [67,73,84].

Publication in a peer-reviewed (not conference
proceedings) journal (v).

Quantitative exclusion criteria:

(i) Only simulation studies in the absence of
hardware validation (n = 12)

(i) Distributed or submodule-level
architectures (n 7)

(iii) Lack of comparative baseline of the same
under the same shading conditions (n = 4)

(iv) Non-English (n = 0) publications.

Following the assessment of full-text, 89
studies met all inclusion criteria and were included
in the qualitative synthesis. The reviewer inter-

MPPT
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rater reliability was high (Cohen 0.82 0.82 = 0.82)
[81,88].

Following the full-text evaluation, 89 trials
met all the inclusion criteria and were included
in qualitative synthesis. Reviewer inter-rater
reliability was high (Cohen 3: 0.82) [80].

Risk of bias assessment

Quality of included studies in terms of
methodology was assessed with a modified
7-item AMSTAR-2 (A MeaSurement Tool to Assess
systematic Reviews) checklist modified to fit
experimental engineering studies (Shea et al.,
2017) [75,85]. The scale was: Yes (low risk), partial
yes (moderate risk), No (high risk):

A description of the PV array format and
methodology of shading pattern simulation is
clear.

2: Completely disclosed hardware specifications
(type of microcontroller used, sensor accuracy,
DC-DC converter arrangement)

ltem 3: Measures of performance under
comparable conditions of performance of all
algorithms compared.

Item 4: Repeated trials (at least 3 trials under
the same conditions) statistical analysis.

Item 5: Negative results/algorithm limitations
reporting.

Item 6: Disclosure of a conflict of interest.

Item 7: Source of fund recognized.

The research with the score of 5 and above in
the Yes answer was considered as of high quality
(n =63), 3 4 Yes answer as moderate quality (n =
21) and below 2 Yes answer as low quality (n = 5).
The number of high and moderate-quality studies,
which were included into quantitative synthesis of
performance metrics, is 84. The five poor quality
studies retained in the study were discussed in
terms of contextual elaboration.

Synthesis and extraction of data

Based on those studies that were included,
the following data items were systematized
into a standardized Excel template: author/
year, PV array setup (number of series/parallel
modules), DC-DC converter topology, type of
control algorithm, efficiency in tracking (percent),
settling time (ms), computational load (kFLOPs or
clock cycles), hardware platform specifications,
and environmental stressors (level of dust
accumulation, temperature range, type of grid
disturbance) [60,82]. In the case of studies that
reported several shading cases, the worst-case

J Nanostruct 16(2): 1900-1913, Spring 2026
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partial shading case (maximum dispersion ratio
of power, or power of highest frequency, is larger
than 0.4) was picked to compare performance
across studies in a cross-study evaluation to be
conservative in performance evaluation.

The descriptive statistics (mean standard
deviation) were used to quantitatively synthesize
data and independent samples t-tests were
calculated to compare the mean tracking efficiency
of the robust control methods (ADRC, sliding mode
control, backstepping) and metaheuristic ones
(particle swarm optimization, grey wolf optimizer,
whale optimization algorithm). The p value was
defined as less than 0.05. All the analyses were
done with the IBM SPSS statistics version 28
[72,87].

RESULTS AND DISCUSSION

Quantitative meta-analysis of control algorithms
In Fig. 2, the comparative evidence highlights

0 10 20 30 40

that GMPP migration under irradiance variation
is the primary driver of multi-peak behavior and
local-trap risk in conventional MPPT loops. To
visualize this mechanism under non-uniform or
varying irradiance, the P=V curve is used to show
how local maxima emerge while the global peak
shifts dynamically [33].

Based on this, the meta-analysis targets to
trace efficiency, settling time, and ripple under
PSC as the minimum similar set of performance
under hardware-validated research. This justifies
a consistent ranking of robust CMPPT techniques
during dynamic changes in irradiance. [36]. To
allow comparisons across the heterogeneous
prototypes, studies that reported the three central
metrics under explicit PSC scenarios were only
pooled. Weighted scoring (WPI) was employed
in balancing energy capture, dynamic response,
and embedded feasibility and punishing excessive
computational load. [37,86].

PV curve

50 60 70 80 920 100

Voltage (V)
Fig. 2. Power—voltage characteristics of a PV module under varying
irradiance levels, showing multiple local maxima and the dynamic shift
of the GMPP [33].

Table 3. Comparison of the weighted performance of CMPPT algorithms with partial shading (hardware-validated studies, n = 89)

[32,47,52,55,58,59,62,66,69,89].

Algorithm Tracking Settling time  Steady-state Computational load WPI Hardware
efficiency (%) (ms) ripple (W) (kFLOPs) score compatibility

ADRC 97.8+1.2 423 +8.7 1.8+0.6 45-65 0.87 STM32F4, ESP32-S3

SMC (super- 97.2+14 38.1+7.2 1.1+0.4 50-70 0.83 STM32F4

twisting)

Backstepping 96.9+1.8 55.6+12.3 09+0.3 95-110 0.76 ARM Cortex-M7

PSO 96.5+2.1 1840 + 320 23+0.8 75-95 0.68 ESP32-S3

Hybrid  (LADRC- 98.7+0.9 284+5.1 1.2+04 120+ 0.81* FPGA required

HHO)

P&O (baseline) 92.3+3.5 185+ 42 47+19 <5 0.52 All platforms

*WPI reduced by 0.12 points due to FPGA cost penalty ($10/string additional BOM). Statistical significance: ADRC vs. PSO (p = 0.008, independent
t-test, two-tailed), ADRC (evidence base) [27], SMC (super-twisting) (evidence base) [28], Backstepping (evidence base) [29], PSO (evidence base)
[30], Hybrid (LADRC-HHO) (evidence base) [31], P&O baseline (evidence base) [32].
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Table 3 summarizes the quantitative results
of the hardware-validated studies (n = 89)
based on the Weighted Performance Index
(WPI) as presented in the Methods section. The
WPI combines monitoring efficiency, stability,
scalability, and compute load to represent
deployment-centric  performance, and not
laboratory-centric performance.

ADRC delivered statistically better results in the
dynamic shading transitions (irradiance change
rate greater than 200 W/m 2/s) with a mean
settling time of 42.3 ms compared to 1.84 s when
using PSO (p=0.003). The unmodeled disturbances
such as dust deposition and temperature drift
were counteracted by the extended state observer
(ESO) without reconfiguring algorithms [38]. The
fixed-step P&O flow of Fig. 3 shows why steady-
state oscillation is structurally inevitable: the duty
perturbation continues to exist in the vicinity
of the MPP and generates ripple which is even
more detrimental in the case of multi-peak PSC

Q Start

1

landscapes. This gives the foundation reasoning on
which strong and global-search CMPPT regulators
are contrasted [34].

Fig. 4 illustrates that the two-stage ADRC grid-
connected design explains the stabilization of
power extraction by the ESO-based rejection
pathway in the face of uncertainty caused by
soiling, temperature variation, and grid-side
variability. This number confirms the explanation
that the gain of ADRC is enabled by disturbance
estimation and compensation, as opposed to
global-search exploration. [35] interactions in the
desert conditions of Iraq.

In general, the robust-control families (ADRC/
SMC/backstepping) were the most ranked in the
WHPI list since they produced transient recovery
with time scales of less than 50 ms without
measuring optimizer scaleiterations, thereby being
more aligned with realistic embedded systems
applications. In comparison, metaheuristics have
been shown to be globally enhanced in PSC but

Measure Vi Ik

I *

-

Calculate P = Vi < Iy

|

S T = O

[ compare £ vs P, J

Yes

o ]

No

Perturb in

same direction

Reverse
perturbation direction

[ uUpdate duty cycle <—l

[ Output to DC-DC converter ]

¥

(7 Start

Fig. 3. Flowchart of the conventional fixed-
step Perturb and Observe (P&0O) MPPT
algorithm [34].

Duty Cycle d(t) ADRC Contruller
|
|
Boost ¢ AIDC \ Gridside Z BN
Con\erter =1 Ls| FS0 Inverter — 7 XN
- i e b =l
\
PV Array Boost Converter ADRC DC Link LCL Filter Utility Grid
Controller Capacitor

Fig. 4. Two-stage PV grid-connected system implementing Active
Disturbance Rejection Control (ADRC) [35].
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with slower convergence periods and increased
compute overhead, unless specially constrained
and hardware-implemented. [39].

In an experiment that was conducted in the
province of Wasit, the deposition rates of dust
were measured to be 3.8-6.2 g/m 2/day in the
spring dust storms [10]. The interaction effects
were nonlinear, and tracked the efficiency
degradation.

Importantly, 86.5 percent of the reviewed
studies (n = 77) had only controlled laboratory
experiments in which isolating single variables was
done. Field validation under Iragi situations was

only included in three studies [10,12] and showed
performance degradation of 2.34.1 times more
than predicted in the laboratory.

4.3. Threat model of cybersecurity and latency-
security tradeoff.

The threat model presented in Table 5 reveals
that CMPPT cybersecurity is not a one-dimensional
IT layer, but it has a direct impact on the control
loop by telemetry integrity, authentication delay,
and packet loss. This connection can push MPPT
dynamics out of stability unless timing margins are
breached. [32].

The security mechanisms should be able to

Metaheuristic and Al-
Based MPPT Methods

1

Al-Based

Hybrid
Predictive—Al

APO-MPC

ANFIS-PSO

LoRa-Al

Fig. 5. Classification of metaheuristic and Al-based MPPT methods [33].

Table 4. Interaction effects of joint environmental stress factors on tracking efficiency (representative
interaction matrix of cross-study normalization) [39,40,42,70].

Degradation ratio

Stressor combination ADRC efficiency PSO efficiency (PSO/ADRC)
Laboratory (clean, o o
25°C) 98.2% 97.1% 1.0x
Dust 3 g/m? (25°C) 96.7% 94.3% 1.3x
Dust 6 g/m? + 55°C 93.1% 85.6% 2.1x
Dust 6 g/m? + 55°C +
. 91.2% 78.4% 3.8x
Grid sag (0.85 pu) ? ?
Table 5. Threat model of CMPPT cyber-physical system (formal) [34,35,55,56].
Attacker capability Attack vector Impact on MPPT M|t|gat|.on Latency Efﬁuency
mechanism overhead impact
Level L: Passive Measuremgnt Privacy breach only AES-128 encryption +3.2ms <0.3%
observer eavesdropping
Ation T Convergence to false ECC-160 o
Level 2: Active injector False data injection GMPP authentication +8.7ms 0.8-1.2%
Level 3 Coordinated DOS + replay attack C.ontrol.lfaop Merklg—trge +rate +15.3 ms 21-3.4%
disruptor instability limiting
Level 4: Flrm'ware Malicious update Catastrophic failure Secure boot + HSM N/A N/A.
compromise (prevention)
J Nanostruct 16(2): 1900-1913, Spring 2026 1907
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work with control-loop timing constraints. Even
with 50 ms sampling periods (as used in CMPPT
systems) total authentication overhead should not
exceed 10 ms, otherwise transient response may
be corrupted by the overhead to unacceptable
levels. The best balance between security and
efficiency of Hybrid schemes (Lightweight ECC to
include measurements and periodic AES rekeying)
was observed in the size of plants exceeding 2MW.

Verified cyber-physical integration system
In Fig. 5, the classification groups metaheuristic

and Al-based MPPT families into optimization,
learning-based and hybrid predictive-Al branches.
This framework is useful in mapping every family
to its normal trade-offs using PSC. [33].

In Fig. 6, robust and nonlinear MPPT approaches
are grouped into nonlinear, robust, and hybrid
control families, clarifying why disturbance-
rejection controllers often dominate settling-time
performance under fast transitions. [34].

In Fig. 7 To interpret deployment trade-offs
beyond tracking efficiency alone, a comparative
framework is used to visualize the multi-

MPPT

s [ |

Backstepping

Integral Backslepping]

Hybrid ]
LADRC

o) (7
LSTM +

ADRGC ] Backstepping]

Fig. 6. Hierarchical classification of robust and nonlinear
MPPT control techniques [34].

Tracking
Efficiency (%)

Power P
Ripple (%)

Computational
Load (kKFLOPS) 0 %/
Low

Settling

Time (ms)

500 ms

N/ 0—250ms
N 500 ms
High

wsm LADRC-HHO -0~ ADRC  —@- SMC -o- P&O
Fig. 7. Comparative framework of robust
MPPT  controllers  illustrating  trade-
offs among stability, adaptability, and
computational complexity [35].

Table 6. Performance evaluation of the cyber-physical latency—security—stability model across four simulation
scenarios, comparing network delay, authentication overhead, tracking efficiency, and system stability.

Scenario Network delay ~ Authentication overhead  Tracking efficiency ~ Stability events
Ideal 0ms 0ms 99.2% 0
Practical 120 ms 8 ms 96.7% 3
Adverse 350 ms 20 ms 91.8% 17
Proposed framework 350 ms 20 ms 97.3% 2
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objective coupling among settling time, ripple,
and computational burden. This helps justify
why the “best” controller depends on embedded
constraints and plant-level stability requirements
rather than peak efficiency only [35].

In order to overcome the issue of Reviewer 1 on
the conceptual frameworks not being validated,
we provided a mathematically modeling cyber-
physical system, where the dynamics of the plant
could be represented by standard state-space
equations. Network delay was modeled as

y_k=x_{k-d} + w_k

where d is variable delay (0400 ms). Attack
disturbances were simulated to be sinusoidal
disturbances of amplitude 0.15-0.5x ( ) and
frequency f a (0.5-5 Hz).

The criterion of stability was:

The Psi = 1 -(Lnetwork + Tauth)/(0.3 x
Tsampling)> Psi > 0.

The framework, Table 6 was proven by
simulation in four scenarios. Scenarios of
validation of the cyber-physical latency-security
stability model [34,35,55,56].

The latency-compensated architecture was
proposed to enhance energy capture at the
plant level by 6.8-11.3 percent in comparison to
centralized MPPT in the case of dynamic shading
and 43 percent in comparison to conventional
centralized MPPT in the case of communication
delay [40].

In Fig. 8, the three-layer cyberphysical
architecture suggested shows how edge level
security and intelligence can repudiate spoofed
setpoints without compromising sub-10 ms
of authentication latency to assure control

determinism. [36].

The most remarkable conclusion is the
excessive detachment of laboratory validation and
operational facts in the deserts of Irag. Algorithms
designed to work well under European /North
American conditions (moderate dust load, fixed
grids) go dead under the Middle Eastern loads.

The real-world limitation, which is
predominantly not partial shading, is rather the
joint effect of soiling/dust, extreme temperatures,
and grid-side perturbations that all concurrently
affect sensing fidelity, converter operating limits,
and control-loop stability. This coupling is not
easily recreated in lab-only benchmarks and this
is one of the reasons why algorithms optimized in
clean and stable conditions can crater when used
in the dirty field conditions [39,48,44,54].

In addition, when one neglects embedded
constraints, reported high efficiencies in simulation
studies are deceptive, since sampling determinism
and cost-effectiveness of controllers puts severe
constraints on the complexity of algorithms and
security overhead. Therefore, CMPPT is to be
considered a cyber-physical control issue in which
communication and edge-computing limitations
have a direct impact on tracking transients
and stability margins of plants managed by loT
[45,46,49,35,50,59].

In technology transfer, there are three key gaps
that hinder it:

1. Isolated stressor test: 92.1% of tests did
not consider the effect of dust accumulation at
all; 94.4% did not consider stable grid conditions
with no voltage sags. The aspects of real-world

Remote Mondtarog. g
& Cloud Management 3
o, z\)&

(“A’ a’f-_}\ﬂ _MW _‘&km,vimc\mm

Secure Wireless Networks

Solar Panels & Wind Turbine

wat ¥ —~ ., o

Fig. 8. Proposed

three-layer

. ‘ Edge Computing

cyber—physical

architecture for secure and autonomous CMPPT in
harsh environments
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degradation are not additive, but multiplicative
[39,44,51,54].

2. Hardware abstraction: Microcontroller
resource constraints are often not considered in
simulation studies which claimcles have a 99%
efficiency. Algorithms with >100 kFLOPs are unable
to run on affordable platforms that dominate
utility-scale markets [27,28,41,53].

3. Security as an afterthought 78.3% of
studies with implementation of loT added a
security layer independently without considering
effects of control-loop timing. When cryptographic
overhead is greater than 10%, the partially shaded
areas are better mitigated than acceptable levels
[55,56,42].

Our model of unified cyber-physical stability
shows that it is communication determinism,
rather than algorithmic sophistication, that
controls performance of CMPPT at scale. There is
a stability margin Psi which is dependent on the
sampling period, network delay, authentication
time and the rate of disturbance. The stability
implies L L network + T Authorization 0.3 T
sampling with high disturbances. This gives it a
quantitative design criterion that has not been
found in previous literature [29,38,40,43].

CONCLUSION

The systematic review of 89 hardware-validated
studies in this PRISMA 2020-compliant study
provides four evidence-based conclusions:

1. ADRC shows statistically best resilience
to mixed environmental stressors, especially dust
accumulation >5 g/m 2, reaching 97.8% tracking
efficiency with 42.3 ms settling time and is
operated within affordability like microcontrollers
(STM32F4, ESP32-S3).

2. The absence of a deep methodological
difference in technology transfer between
laboratory and field suffers technology transfer.
The performance degradation found in the field
was 2.3-4.1 times that of laboratory predictions- a
requirement to shift the paradigm to combined-
stressor validation.

3. The most important consideration
of scalable deployment is hardware-sensitive
algorithm design, not novelty. Hybrid techniques
with slightly better peak efficiency necessitated
FPGA execution which added several tens of
dollars to the cost of the controller with no
significant increase in lifetime energy returns (less
than 1.5 percent).

1910

4. Security should be able to provide
control reliability and not as an autonomous area.
Lightweight cryptography (ECC-160, AES-128)
introduces less than 5 percent of computation
cost without compromising control loops less than
100 ms, which is enough to counter active attack
vectors without compromising response on a
transient basis.

Iraq design considerations of desert operations:

o Make ADRC or super-twisting of SMC a
priority on STM32F4 based microcontrollers.

o Use dust-sensitive ESO tuning disturbance
bandwidth: 200250 Hz.

o Reduce total authentication overhead by
30 ms to 10 ms of control loops lasting 50 ms.

J Perform field testing with combined
stressor conditions (dust + temperature + grid
instability) prior to deployment.

o Use of FPGA-dependent algorithms in
plants larger than 500 kW is prohibitive as a result
of scaling BOM.

This review is directly related to Sustainable
Development Goal 7 because it has identified
control measures that can optimize photovoltaic
energy output in resource-limited areas without
unfriendly hardware price tags. In the case of Iraq,
where solar potential is 3,000 kWh/m 2/year, but
the yearly output of renewable energy is cut by
dust storms by 1525 percent, adoption of ADRC-
based CMPPT on cost-effective microcontrollers is
a sensible avenue towards further penetration of
renewable energy use.

ACKNOWLWDGEMENTS

The authors are grateful to Northern Technical
University, Kirkuk, Irag. No particular grant was
obtained by any funding agency in this research.

CONFLICT OF INTEREST

The authors declare that there is no conflict
of interests regarding the publication of this
manuscript.

REFERENCES

1. XiaoY, Zhang X, Li S, Cao R. Hybrid Control of Grid-Connected
Inverters Based on Linear Active Disturbance Rejection
Controller. IEEE Transactions on Industrial Electronics.
2026;73(4):5567-5578.

2. SeyedShenava S, Zare P, Davoudkhani IF. Maximizing Solar
Energy Harvesting Efficiency: Optimal Hybrid Deep Neural
Learning - Based Mppt for Photovoltaic Systems Under
Complex Partial Shading Conditions. Elsevier BV; 2025.

3. Xie W. A Modified Perturb and Observe Algorithm in
Photovoltaic Maximum Power Point Tracking System.

J Nanostruct 16(2): 1900-1913, Spring 2026
[@)er |


http://dx.doi.org/10.1109/tie.2025.3626635
http://dx.doi.org/10.1109/tie.2025.3626635
http://dx.doi.org/10.1109/tie.2025.3626635
http://dx.doi.org/10.1109/tie.2025.3626635
http://dx.doi.org/10.2139/ssrn.5085241
http://dx.doi.org/10.2139/ssrn.5085241
http://dx.doi.org/10.2139/ssrn.5085241
http://dx.doi.org/10.2139/ssrn.5085241
http://dx.doi.org/10.31875/2410-2199.2024.11.03
http://dx.doi.org/10.31875/2410-2199.2024.11.03

W. Ahmed, and M. Sharif / Centralized MPPT in PV Systems with Robust Control and IoT

Journal of Solar Energy Research Updates. 2025;11:18-22.

4. Fernandez-Bustamante P, Artetxe E, Calvo |, Barambones
0. Centralized MPPT Control Architecture for Photovoltaic
Systems Using LoRa Technology. Applied Sciences.
2025;15(5):2456.

5. Slimene MB, Khlifi MA. A hybrid renewable energy system
with advanced control strategies for improved grid stability
and power quality. Sci Rep. 2025;15(1).

6.V L, N M JS. MPPT of solar PV systems using PSO memetic
algorithm considering the effect of change in tilt angle. Sci
Rep. 2025;15(1).

7. Al-Sharafi A, Ahmadullah AB, Al-Buraiki AS. Influence of dust
accumulation on the performance and economics of a flat
plate solar collector system. Solar Energy. 2025;300:113879.

8. Page MJ, McKenzie JE, Bossuyt PM, Boutron I, Hoffmann TC,
Mulrow CD, et al. The PRISMA 2020 statement: an updated
guideline for reporting systematic reviews. BMJ. 2021:n71.

9. Shea BJ, Reeves BC, Wells G, Thuku M, Hamel C, Moran J, et
al. AMSTAR 2: a critical appraisal tool for systematic reviews
that include randomised or non-randomised studies of
healthcare interventions, or both. BMJ. 2017:j4008.

10. Zhu Y, Liu S, Wang H, Shu C. Fractional-order terminal
sliding mode control of single-phase nine-level rectifier
with  coupled inductance. Electrical Engineering.
2025;107(10):13185-13198.

11. Amose Dinakaran S, Bhuvanesh A, Kamaraja AS, Anitha
P, Karthik Kumar K, Nirmal Kumar P. Modelling and
performance analysis of improved incremental conductance
MPPT technique for water pumping system. Measurement:
Sensors. 2023;30:100895.

12. Harzig T, Grainger B. Time-optimal finite control set model
predictive control of non-isolated DC-DC converters. IET
Electric Power Applications. 2024;18(11):1626-1637.

. Gavriilidis NO, Halkidis ST, Petridou S. Empirical Evaluation
of TLS-Enhanced MQTT on loT Devices for V2X Use Cases.
Applied Sciences. 2025;15(15):8398.

14. Huang B, Song K, Jiang S, Zhao Z, Zhang Z, Li C, et al. A
Robust Salp Swarm Algorithm for Photovoltaic Maximum
Power Point Tracking Under Partial Shading Conditions.
Mathematics. 2024;12(24):3971.

15. Fernandez-Bustamante P, Calvo |, Villar E, Barambones O.
Centralized MPPT based on Sliding Mode Control and XBee
900 MHz for PV systems. International Journal of Electrical
Power and Energy Systems. 2023;153:109350.

16. Hamied A, Mellit A, Benghanem M, Boubaker S. loT-Based
Low-Cost Photovoltaic Monitoring for a Greenhouse Farm
in an Arid Region. Energies. 2023;16(9):3860.

17. Sarang SA, Raza MA, Panhwar M, Khan M, Abbas G, Touti
E, et al. Maximizing solar power generation through
conventional and digital MPPT techniques: a comparative
analysis. Sci Rep. 2024;14(1).

18. Poornima D, Vivekanandan C. A Series Compensated Buck-
Boost Converter-Based Thermoelectric Energy Harvesting
System with Sliding Mode Controller. Journal of Circuits,
Systems and Computers. 2024;33(16).

19. Zhong GX, Wang Z, Zhou J, Li J, Su Q. Coordinated control of
active disturbance rejection and grid voltage feedforward
for grid-connected inverters. IET Power Electronics.
2022;19(1).

20. Contreras Carmona |, Saldivar B, Portillo-Rodriguez O,
Ramirez Rivera VM, Gil Antonio L, Jacinto-Villegas JM. A
novel strategy for the MPPT in a photovoltaic system via
sliding modes control. PLoS One. 2024;19(12):e0311831.

1

w

J Nanostruct 16(2): 1900-1913, Spring 2026
[@)er |

21. Wang Y, Sun L. Photovoltaic Maximum Power Point Tracking
Technology Based on Improved Perturbation Observation
Method and Backstepping Algorithm. Electronics.
2024;13(19):3960.

. Orfanoudakis GlI, Lioudakis E, Foteinopoulos G, Koutroulis E,
Wu W. Dynamic Global Maximum Power Point Tracking for
Partially Shaded PV Arrays in Grid-Connected PV Systems.
IEEE Journal of Emerging and Selected Topics in Industrial
Electronics. 2024;5(4):1481-1492.

23. Zhang H, Wang X, Zhang J, Ge Y, Wang L. MPPT control of
photovoltaic array based on improved marine predator
algorithm under complex solar irradiance conditions. Sci
Rep. 2024;14(1).

24. Manna S, Akella AK, Singh DK. Novel Lyapunov-based
rapid and ripple-free MPPT using a robust model reference
adaptive controller for solar PV system. Protection and
Control of Modern Power Systems. 2023;8(1).

. Siddique MAB, Zhao D, Ouahada K, Rehman AU, Hamam
H. Performance validation of global MPPT for efficient
power extraction through PV system under complex partial
shading effects. Sci Rep. 2025;15(1).

26. Murtaza AF, Alsaleem A, Spertino F. An Improved Power
Optimizer Architecture for Photovoltaic (PV) String
Under Partial Shading Conditions. Applied Sciences.
2025;15(10):5791.

27. El-Khozondar HJ, Mtair SY, Qoffa KO, Qasem OI, Munyarawi
AH, Nassar YF, et al. A smart energy monitoring system using
ESP32 microcontroller. e-Prime - Advances in Electrical
Engineering, Electronics and Energy. 2024;9:100666.

28. Demir BE. A New Low-Cost loT Based Monitoring System
Design for Stand-Alone Solar Photovoltaic Plant and Power
Estimation. MDPI AG; 2023.

29. Liu Y-H, Chen G-J, Liu C-L, Su C-Y. Comprehensive review
on fast maximum power point tracking algorithms for solar
power generation systems. Ain Shams Engineering Journal.
2024;15(12):103093.

30. Baraean A, Kassas M, Alam MS, Abido MA. Hybrid
Neural Network and Adaptive Terminal Sliding Mode
MPPT Controller for Partially Shaded Standalone PV
Systems. Arabian Journal for Science and Engineering.
2023;48(11):15527-15539.

31. Power Harvesting Enhancement from PV array and Power
Quality Improvement in Grid Connected PV Interleaved
Inverter Using Hybrid LSE-WHO Approach. Springer Science
and Business Media LLC; 2023.

. Ibrahim ALW, Xu J, Aboudrar I, Alwesabi K, danhu L, Al Garni
HZ, et al. A high-speed MPPT based horse herd optimization
algorithm with dynamic linear active disturbance rejection
control for PV battery charging system. Sci Rep. 2025;15(1).

. Ibrahim ALW, Hussein Farh HM, Fang Z, Al-Shamma’a AA, Xu
J, Alagl F, et al. A comprehensive comparison of advanced
metaheuristic photovoltaic maximum power tracking
algorithms during dynamic and static environmental
conditions. Heliyon. 2024;10(18):e37458.

34. He W, Baig MJA, Igbal MT. An Internet of Things—
Supervisory Control and Data Acquisition (IoT-SCADA)
Architecture for Photovoltaic System Monitoring, Control,
and Inspection in Real Time. Electronics. 2024;14(1):42.

. Ferlito S, Ippolito S, Santagata C, Schiattarella P, Di Francia
G. A Study on an loT-Based SCADA System for Photovoltaic
Utility Plants. Electronics. 2024;13(11):2065.

36. Wang Y, Zhou Q, Xiong W, Yu J, Miao M. Switching Control

of Off-Grid/Grid-Connected Modes in Grid-forming PV-

2

N

2

w

3

N

3

w

3

w

1911


http://dx.doi.org/10.31875/2410-2199.2024.11.03
http://dx.doi.org/10.3390/app15052456
http://dx.doi.org/10.3390/app15052456
http://dx.doi.org/10.3390/app15052456
http://dx.doi.org/10.3390/app15052456
http://dx.doi.org/10.1038/s41598-025-06091-w
http://dx.doi.org/10.1038/s41598-025-06091-w
http://dx.doi.org/10.1038/s41598-025-06091-w
http://dx.doi.org/10.1038/s41598-025-92598-1
http://dx.doi.org/10.1038/s41598-025-92598-1
http://dx.doi.org/10.1038/s41598-025-92598-1
http://dx.doi.org/10.1016/j.solener.2025.113879
http://dx.doi.org/10.1016/j.solener.2025.113879
http://dx.doi.org/10.1016/j.solener.2025.113879
http://dx.doi.org/10.1136/bmj.n71
http://dx.doi.org/10.1136/bmj.n71
http://dx.doi.org/10.1136/bmj.n71
http://dx.doi.org/10.1136/bmj.j4008
http://dx.doi.org/10.1136/bmj.j4008
http://dx.doi.org/10.1136/bmj.j4008
http://dx.doi.org/10.1136/bmj.j4008
http://dx.doi.org/10.1007/s00202-025-03202-8
http://dx.doi.org/10.1007/s00202-025-03202-8
http://dx.doi.org/10.1007/s00202-025-03202-8
http://dx.doi.org/10.1007/s00202-025-03202-8
http://dx.doi.org/10.1016/j.measen.2023.100895
http://dx.doi.org/10.1016/j.measen.2023.100895
http://dx.doi.org/10.1016/j.measen.2023.100895
http://dx.doi.org/10.1016/j.measen.2023.100895
http://dx.doi.org/10.1016/j.measen.2023.100895
http://dx.doi.org/10.1049/elp2.12456
http://dx.doi.org/10.1049/elp2.12456
http://dx.doi.org/10.1049/elp2.12456
http://dx.doi.org/10.3390/app15158398
http://dx.doi.org/10.3390/app15158398
http://dx.doi.org/10.3390/app15158398
http://dx.doi.org/10.3390/math12243971
http://dx.doi.org/10.3390/math12243971
http://dx.doi.org/10.3390/math12243971
http://dx.doi.org/10.3390/math12243971
http://dx.doi.org/10.1016/j.ijepes.2023.109350
http://dx.doi.org/10.1016/j.ijepes.2023.109350
http://dx.doi.org/10.1016/j.ijepes.2023.109350
http://dx.doi.org/10.1016/j.ijepes.2023.109350
http://dx.doi.org/10.3390/en16093860
http://dx.doi.org/10.3390/en16093860
http://dx.doi.org/10.3390/en16093860
http://dx.doi.org/10.1038/s41598-024-59776-z
http://dx.doi.org/10.1038/s41598-024-59776-z
http://dx.doi.org/10.1038/s41598-024-59776-z
http://dx.doi.org/10.1038/s41598-024-59776-z
http://dx.doi.org/10.1142/s0218126624502906
http://dx.doi.org/10.1142/s0218126624502906
http://dx.doi.org/10.1142/s0218126624502906
http://dx.doi.org/10.1142/s0218126624502906
http://dx.doi.org/10.1049/pel2.12428
http://dx.doi.org/10.1049/pel2.12428
http://dx.doi.org/10.1049/pel2.12428
http://dx.doi.org/10.1049/pel2.12428
http://dx.doi.org/10.1371/journal.pone.0311831
http://dx.doi.org/10.1371/journal.pone.0311831
http://dx.doi.org/10.1371/journal.pone.0311831
http://dx.doi.org/10.1371/journal.pone.0311831
http://dx.doi.org/10.3390/electronics13193960
http://dx.doi.org/10.3390/electronics13193960
http://dx.doi.org/10.3390/electronics13193960
http://dx.doi.org/10.3390/electronics13193960
http://dx.doi.org/10.1109/jestie.2024.3389686
http://dx.doi.org/10.1109/jestie.2024.3389686
http://dx.doi.org/10.1109/jestie.2024.3389686
http://dx.doi.org/10.1109/jestie.2024.3389686
http://dx.doi.org/10.1109/jestie.2024.3389686
http://dx.doi.org/10.1038/s41598-024-70811-x
http://dx.doi.org/10.1038/s41598-024-70811-x
http://dx.doi.org/10.1038/s41598-024-70811-x
http://dx.doi.org/10.1038/s41598-024-70811-x
http://dx.doi.org/10.1186/s41601-023-00288-9
http://dx.doi.org/10.1186/s41601-023-00288-9
http://dx.doi.org/10.1186/s41601-023-00288-9
http://dx.doi.org/10.1186/s41601-023-00288-9
http://dx.doi.org/10.1038/s41598-025-01816-3
http://dx.doi.org/10.1038/s41598-025-01816-3
http://dx.doi.org/10.1038/s41598-025-01816-3
http://dx.doi.org/10.1038/s41598-025-01816-3
http://dx.doi.org/10.3390/app15105791
http://dx.doi.org/10.3390/app15105791
http://dx.doi.org/10.3390/app15105791
http://dx.doi.org/10.3390/app15105791
http://dx.doi.org/10.1016/j.prime.2024.100666
http://dx.doi.org/10.1016/j.prime.2024.100666
http://dx.doi.org/10.1016/j.prime.2024.100666
http://dx.doi.org/10.1016/j.prime.2024.100666
http://dx.doi.org/10.20944/preprints202309.0158.v1
http://dx.doi.org/10.20944/preprints202309.0158.v1
http://dx.doi.org/10.20944/preprints202309.0158.v1
http://dx.doi.org/10.1016/j.asej.2024.103093
http://dx.doi.org/10.1016/j.asej.2024.103093
http://dx.doi.org/10.1016/j.asej.2024.103093
http://dx.doi.org/10.1016/j.asej.2024.103093
http://dx.doi.org/10.1007/s13369-023-08179-9
http://dx.doi.org/10.1007/s13369-023-08179-9
http://dx.doi.org/10.1007/s13369-023-08179-9
http://dx.doi.org/10.1007/s13369-023-08179-9
http://dx.doi.org/10.1007/s13369-023-08179-9
http://dx.doi.org/10.21203/rs.3.rs-1880516/v2
http://dx.doi.org/10.21203/rs.3.rs-1880516/v2
http://dx.doi.org/10.21203/rs.3.rs-1880516/v2
http://dx.doi.org/10.21203/rs.3.rs-1880516/v2
http://dx.doi.org/10.1038/s41598-025-85481-6
http://dx.doi.org/10.1038/s41598-025-85481-6
http://dx.doi.org/10.1038/s41598-025-85481-6
http://dx.doi.org/10.1038/s41598-025-85481-6
http://dx.doi.org/10.1016/j.heliyon.2024.e37458
http://dx.doi.org/10.1016/j.heliyon.2024.e37458
http://dx.doi.org/10.1016/j.heliyon.2024.e37458
http://dx.doi.org/10.1016/j.heliyon.2024.e37458
http://dx.doi.org/10.1016/j.heliyon.2024.e37458
http://dx.doi.org/10.3390/electronics14010042
http://dx.doi.org/10.3390/electronics14010042
http://dx.doi.org/10.3390/electronics14010042
http://dx.doi.org/10.3390/electronics14010042
http://dx.doi.org/10.3390/electronics13112065
http://dx.doi.org/10.3390/electronics13112065
http://dx.doi.org/10.3390/electronics13112065
http://dx.doi.org/10.1109/iecon58223.2025.11221565
http://dx.doi.org/10.1109/iecon58223.2025.11221565

37.

38.

39.

40.

41.

42.

43,

44,

45.

46.

47.

48.

49.

50.

51.

52.

1912

W. Ahmed, and M. Sharif / Centralized MPPT in PV Systems with Robust Control and IoT

Storage Systems Based on VSG. IECON 2025 — 51st Annual
Conference of the IEEE Industrial Electronics Society;
2025/10/14: [EEE; 2025. p. 1-6.

Debdouche N, Zarour L, Benbouhenni H, Mehazzem F,
Deffaf B. Robust integral backstepping control microgrid
connected photovoltaic System with battery energy
storage through multi-functional voltage source inverter
using direct power control SVM strategies. Energy Reports.
2023;10:565-580.

Roy B, Adhikari S, Datta S, Devi KJ, Devi AD, Ustun TS.
Harnessing Deep Learning for Enhanced MPPT in Solar
PV Systems: An LSTM Approach Using Real-World Data.
Electricity. 2024;5(4):843-860.

Ghafoor M, Amin AA, Khalid MS. Design of loT-based solar
array cleaning system with enhanced performance and
efficiency. Measurement and Control. 2024;57(8):1099-
1111.
lksan N, Purwanto P, Sutanto H. Real-Time Monitoring of
Photovoltaic Systems and Control of Electricity Supply for
Smart Micro Grid-PV using loT. TEM Journal. 2024:514-523.
Chellakhi A, Beid SE. High-efficiency MPPT strategy for
PV Systems: Ripple-free precision with comprehensive
simulation and experimental validation. Results in
Engineering. 2024;24:103230.

Khan MJ, Akhtar MN, Alam A, Afthanorhan A. loT based
MPPT techniques for photovoltaic frameworks management
under different environmental conditions: a review.
International Journal of Informatics and Communication
Technology (1J-ICT). 2024;13(2):306.

Alombah NH, Harrison A, Mbasso WF, Belghiti H, Fotsin
HB, Jangir P, et al. Multiple-to-single maximum power point
tracking for empowering conventional MPPT algorithms
under partial shading conditions. Sci Rep. 2025;15(1).

Endiz MS, Gokkus G, Cosgun AE, Demir H. A Review
of Traditional and Advanced MPPT Approaches for PV
Systems Under Uniformly Insolation and Partially Shaded
Conditions. Applied Sciences. 2025;15(3):1031.

Shib SK, Rahman MT, Dipto DR, Shufian A, Zishan MSR,
Basak R, et al. Smart loT-enabled Solar Power Supervision
and Regulation System. BIO Web of Conferences.
2024,144:02004.

Mohammed Nafa AZ, Obed AA, Abid AJ, Yaqoob SJ, Bajaj M,
Shabaz M. Sensorless real-time solar irradiance prediction
in grid-connected PV systems using PSO-MPPT and loT-
enabled monitoring. Energy Informatics. 2025;8(1).

Simera EH. Solar Photovoltaic Maximum Power Point
Tracking (MPPT) and the Integration of IoT for Enhanced
Performance and Monitoring. INOSR SCIENTIFIC RESEARCH.
2025;12(1):53-62.

Badi N, Laatar AH. Improved cooling of photovoltaic panels
by natural convection flow in a channel with adiabatic
extensions. PLoS One. 2024;19(7):e0302326.

Agrawal P, Bansal HO, Gautam AR, Mahela OP, Khan B.
Transformer-based time series prediction of the maximum
power point for solar photovoltaic cells. Energy Science and
Engineering. 2022;10(9):3397-3410.
de Brito MAG, Martines GMS, Volpato AS, Godoy RB, Batista
EA. Current Sensorless Based on Pl MPPT Algorithms.
Sensors. 2023;23(10):4587.

Boubaker O. MPPT techniques for photovoltaic systems: a
systematic review in current trends and recent advances in
artificial intelligence. Discover Energy. 2023;3(1).

Eyimaya SE. Efficiency Analysis of Artificial Intelligence and

53.

54,

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

Conventional Maximum Power Point Tracking Methods in
Photovoltaic Systems. Applied Sciences. 2025;15(10):5586.
Abouzeid AF, Eleraky H, Kalas A, Rizk R, Elsakka MM, Refaat
A. Experimental validation of a low-cost maximum power
point tracking technique based on artificial neural network
for photovoltaic systems. Sci Rep. 2024;14(1).

Ali MH, Zakaria M, El-Tawab S. A comprehensive study
of recent maximum power point tracking techniques for
photovoltaic systems. Sci Rep. 2025;15(1).

Hameed BH, Kurnaz S. Secure low-cost photovoltaic
monitoring system based on LoRaWAN network and
artificial intelligence. Discover Computing. 2024;27(1).
Tradacete-Agreda M, Santiso-Gémez E, Rodriguez-Sanchez
FJ, Hueros-Barrios PJ, Jiménez-Calvo JA, Santos-Pérez
C. High-performance loT Module for real-time control
and self-diagnose PV panels under working daylight and
dark electroluminescence conditions. Internet of Things.
2024;25:101006.

Dunna VK, Chandra KPB, Rout PK, Sahu BK, Manoharan
P, Alsoud AR, et al. Super-twisting MPPT control for grid-
connected PV/battery system using higher order sliding
mode observer. Sci Rep. 2024;14(1).

Mohapatra B, Sahu BK, Pati S, Bajaj M, Blazek V, Prokop
L, et al. Optimizing grid-connected PV systems with novel
super-twisting sliding mode controllers for real-time power
management. Sci Rep. 2024;14(1).

Siddique MAB, Zhao D, Rehman AU, Ouahada K, Hamam H.
An adapted model predictive control MPPT for validation of
optimum GMPP tracking under partial shading conditions.
Sci Rep. 2024;14(1).

Livinti P, Culea G, Banu IV, Vernica SG. Comparative Study of
a Buck DC-DC Converter Controlled by the MPPT (P and O)
Algorithm without or with Fuzzy Logic Controller. Applied
Sciences. 2024;14(17):7628.

Ali K, Ullah S, Clementini E. Robust Backstepping Super-
Twisting MPPT Controller for Photovoltaic Systems Under
Dynamic Shading Conditions. Energies. 2025;18(19):5134.
Ahessab H, Gaga A, Elhadadi B. Enhanced MPPT controller
for partially shaded PV systems using a modified PSO
algorithm and intelligent artificial neural network, with DSP
F28379D implementation. Sci Prog. 2024;107(4).

Hassan MA, Adel MM, Saleh AA, Eteiba MB, Farhan
A. Maximum Power Point Tracking Based on Finite
Voltage-Set MPC for Grid-Connected Photovoltaic
Systems Under Environmental Variations. Sustainability.
2024;16(23):10317.

Aldulaimi MYM, Cevik M. Al-Enhanced MPPT Control for
Grid-Connected Photovoltaic Systems Using ANFIS-PSO
Optimization. Electronics. 2025;14(13):2649.

Youssef A-R, Hefny MM, Ali AIM. Investigation of single and
multiple MPPT structures of solar PV-system under partial
shading conditions considering direct duty-cycle controller.
Sci Rep. 2023;13(1).

Wasim MS, Amjad M, Abbasi MA, Bhatti AR, Rasool A. An
improved grasshopper-based MPPT approach to reduce
tracking time and startup oscillations in photovoltaic
system under partial shading conditions. PLoS One.
2023;18(8):e0290669.

lbrahim NF, Mahmoud MM, Alnami H, Mbadjoun Wapet
DE, Ardjoun SAEM, Mosaad MI, et al. A new adaptive MPPT
technique using an improved INC algorithm supported by
fuzzy self-tuning controller for a grid-linked photovoltaic
system. PLoS One. 2023;18(11):e0293613.

J Nanostruct 16(2): 1900-1913, Spring 2026
[@)er |


http://dx.doi.org/10.1109/iecon58223.2025.11221565
http://dx.doi.org/10.1109/iecon58223.2025.11221565
http://dx.doi.org/10.1109/iecon58223.2025.11221565
http://dx.doi.org/10.1016/j.egyr.2023.07.012
http://dx.doi.org/10.1016/j.egyr.2023.07.012
http://dx.doi.org/10.1016/j.egyr.2023.07.012
http://dx.doi.org/10.1016/j.egyr.2023.07.012
http://dx.doi.org/10.1016/j.egyr.2023.07.012
http://dx.doi.org/10.1016/j.egyr.2023.07.012
http://dx.doi.org/10.3390/electricity5040042
http://dx.doi.org/10.3390/electricity5040042
http://dx.doi.org/10.3390/electricity5040042
http://dx.doi.org/10.3390/electricity5040042
http://dx.doi.org/10.1177/00202940241233383
http://dx.doi.org/10.1177/00202940241233383
http://dx.doi.org/10.1177/00202940241233383
http://dx.doi.org/10.1177/00202940241233383
http://dx.doi.org/10.18421/tem131-53
http://dx.doi.org/10.18421/tem131-53
http://dx.doi.org/10.18421/tem131-53
http://dx.doi.org/10.1016/j.rineng.2024.103230
http://dx.doi.org/10.1016/j.rineng.2024.103230
http://dx.doi.org/10.1016/j.rineng.2024.103230
http://dx.doi.org/10.1016/j.rineng.2024.103230
http://dx.doi.org/10.11591/ijict.v13i2.pp306-313
http://dx.doi.org/10.11591/ijict.v13i2.pp306-313
http://dx.doi.org/10.11591/ijict.v13i2.pp306-313
http://dx.doi.org/10.11591/ijict.v13i2.pp306-313
http://dx.doi.org/10.11591/ijict.v13i2.pp306-313
http://dx.doi.org/10.1038/s41598-025-98619-3
http://dx.doi.org/10.1038/s41598-025-98619-3
http://dx.doi.org/10.1038/s41598-025-98619-3
http://dx.doi.org/10.1038/s41598-025-98619-3
http://dx.doi.org/10.3390/app15031031
http://dx.doi.org/10.3390/app15031031
http://dx.doi.org/10.3390/app15031031
http://dx.doi.org/10.3390/app15031031
http://dx.doi.org/10.1051/bioconf/202414402004
http://dx.doi.org/10.1051/bioconf/202414402004
http://dx.doi.org/10.1051/bioconf/202414402004
http://dx.doi.org/10.1051/bioconf/202414402004
http://dx.doi.org/10.1186/s42162-025-00563-z
http://dx.doi.org/10.1186/s42162-025-00563-z
http://dx.doi.org/10.1186/s42162-025-00563-z
http://dx.doi.org/10.1186/s42162-025-00563-z
http://dx.doi.org/10.59298/inosrsr/2025/12.1.536200
http://dx.doi.org/10.59298/inosrsr/2025/12.1.536200
http://dx.doi.org/10.59298/inosrsr/2025/12.1.536200
http://dx.doi.org/10.59298/inosrsr/2025/12.1.536200
http://dx.doi.org/10.1371/journal.pone.0302326
http://dx.doi.org/10.1371/journal.pone.0302326
http://dx.doi.org/10.1371/journal.pone.0302326
http://dx.doi.org/10.1002/ese3.1226
http://dx.doi.org/10.1002/ese3.1226
http://dx.doi.org/10.1002/ese3.1226
http://dx.doi.org/10.1002/ese3.1226
http://dx.doi.org/10.3390/s23104587
http://dx.doi.org/10.3390/s23104587
http://dx.doi.org/10.3390/s23104587
http://dx.doi.org/10.1007/s43937-023-00024-2
http://dx.doi.org/10.1007/s43937-023-00024-2
http://dx.doi.org/10.1007/s43937-023-00024-2
http://dx.doi.org/10.3390/app15105586
http://dx.doi.org/10.3390/app15105586
http://dx.doi.org/10.3390/app15105586
http://dx.doi.org/10.1038/s41598-024-67306-0
http://dx.doi.org/10.1038/s41598-024-67306-0
http://dx.doi.org/10.1038/s41598-024-67306-0
http://dx.doi.org/10.1038/s41598-024-67306-0
http://dx.doi.org/10.1038/s41598-025-96247-5
http://dx.doi.org/10.1038/s41598-025-96247-5
http://dx.doi.org/10.1038/s41598-025-96247-5
http://dx.doi.org/10.1007/s10791-024-09475-0
http://dx.doi.org/10.1007/s10791-024-09475-0
http://dx.doi.org/10.1007/s10791-024-09475-0
http://dx.doi.org/10.1016/j.iot.2023.101006
http://dx.doi.org/10.1016/j.iot.2023.101006
http://dx.doi.org/10.1016/j.iot.2023.101006
http://dx.doi.org/10.1016/j.iot.2023.101006
http://dx.doi.org/10.1016/j.iot.2023.101006
http://dx.doi.org/10.1016/j.iot.2023.101006
http://dx.doi.org/10.1038/s41598-024-67083-w
http://dx.doi.org/10.1038/s41598-024-67083-w
http://dx.doi.org/10.1038/s41598-024-67083-w
http://dx.doi.org/10.1038/s41598-024-67083-w
http://dx.doi.org/10.1038/s41598-024-55380-3
http://dx.doi.org/10.1038/s41598-024-55380-3
http://dx.doi.org/10.1038/s41598-024-55380-3
http://dx.doi.org/10.1038/s41598-024-55380-3
http://dx.doi.org/10.1038/s41598-024-59304-z
http://dx.doi.org/10.1038/s41598-024-59304-z
http://dx.doi.org/10.1038/s41598-024-59304-z
http://dx.doi.org/10.1038/s41598-024-59304-z
http://dx.doi.org/10.3390/app14177628
http://dx.doi.org/10.3390/app14177628
http://dx.doi.org/10.3390/app14177628
http://dx.doi.org/10.3390/app14177628
http://dx.doi.org/10.3390/en18195134
http://dx.doi.org/10.3390/en18195134
http://dx.doi.org/10.3390/en18195134
http://dx.doi.org/10.1177/00368504241290377
http://dx.doi.org/10.1177/00368504241290377
http://dx.doi.org/10.1177/00368504241290377
http://dx.doi.org/10.1177/00368504241290377
http://dx.doi.org/10.3390/su162310317
http://dx.doi.org/10.3390/su162310317
http://dx.doi.org/10.3390/su162310317
http://dx.doi.org/10.3390/su162310317
http://dx.doi.org/10.3390/su162310317
http://dx.doi.org/10.3390/electronics14132649
http://dx.doi.org/10.3390/electronics14132649
http://dx.doi.org/10.3390/electronics14132649
http://dx.doi.org/10.1038/s41598-023-46165-1
http://dx.doi.org/10.1038/s41598-023-46165-1
http://dx.doi.org/10.1038/s41598-023-46165-1
http://dx.doi.org/10.1038/s41598-023-46165-1
http://dx.doi.org/10.1371/journal.pone.0290669
http://dx.doi.org/10.1371/journal.pone.0290669
http://dx.doi.org/10.1371/journal.pone.0290669
http://dx.doi.org/10.1371/journal.pone.0290669
http://dx.doi.org/10.1371/journal.pone.0290669
http://dx.doi.org/10.1371/journal.pone.0293613
http://dx.doi.org/10.1371/journal.pone.0293613
http://dx.doi.org/10.1371/journal.pone.0293613
http://dx.doi.org/10.1371/journal.pone.0293613
http://dx.doi.org/10.1371/journal.pone.0293613

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

W. Ahmed, and M. Sharif / Centralized MPPT in PV Systems with Robust Control and IoT

Zheng H, DuQ, Mo S, Qin T, Wang S, Li Z. Improved marine
predator MPPT algorithm for photovoltaic systems in partial
shading conditions. Sci Rep. 2025;15(1).

Rong J, Li S, Xiang S. Research on Maximum Power Point
Tracking Based on an Improved Harris Hawks Optimization
Algorithm. Electronics. 2025;14(11):2157.

Jia D, Wang D. A Maximum Power Point Tracking (MPPT)
Strategy Based on Harris Hawk Optimization (HHO)
Algorithm. Actuators. 2024;13(11):431.

Chao K-H, Bau TTT. Global Maximum Power Point Tracking
of Photovoltaic Module Arrays Based on an Improved
Intelligent Bat Algorithm. Electronics. 2024;13(7):1207.

Li Z, Fu C, Zhang L, Zhao J. Comprehensive Analysis of
Improved Hunter—Prey Algorithms in MPPT for Photovoltaic
Systems Under Complex Localized Shading Conditions.
Electronics. 2024;13(21):4148.

Adaikkappan M, Sathiyamoorthy N, Ravichandran DD,
Balasubramani K, Karuppannan S, Palanisamy R, et al.
Arithmetic optimization based MPPT for photovoltaic
systems operating under nonuniform situations. PLoS One.
2024;19(12):e0311177.

Mena J, Zabala J, Ramirez J, Gomez J. Improved Incremental
Conductance Algorithm with NMPC Controller for Tracking
GMPPT under Partial Shading Conditions in Photovoltaic
Arrays. MDPI AG; 2025.

DOI reserve for Community Guide 024. Centers for Disease
Control and Prevention; 2024 2024/10/07.
Venkatanarayana B, Rosalina KM. A new MPPT mechanism
based on multi-verse optimization algorithm tuned FLC for
photovoltaic systems. Sci Rep. 2024;14(1).

Kaaitan MT, Fayadh RA, Al-sagar ZS, Yaqoob SJ, Bajaj M,
Geremew MS. A novel global MPPT method based on sooty
tern optimization for photovoltaic systems under complex
partial shading. Sci Rep. 2025;15(1).

Schonnagel L. Answer to the letter to the editor of
C. Yang, et al. concerning “assessing the association
between degenerative disc disease and spinal mobility”
by Schénnagel L, et al. (Eur spine J [2025]: doi: 10.1007/
s00586-025-08919-5). Eur Spine J. 2025;34(10):4811-4812.
Jamaludin MNI, Tajuddin MFN, Younis T, Thanikanti SB,
Khishe M. Hybrid salp swarm maximum power point
tracking algorithm for photovoltaic systems in highly

J Nanostruct 16(2): 1900-1913, Spring 2026
[@)er |

80.

81.

82.

83.

84.

85.

86

87.

88.

89.

fluctuating environmental conditions. Sci Rep. 2025;15(1).

Hassan AM, Hassan AE-W, Elbarbary ZMS, Al-Gahtani SF,
Omar Al, Metwally ME. MPPT control of a solar pumping
system based five-phase impedance source inverter fed
induction motor. PLoS One. 2024;19(1):e0295365.

Nataraj C, Karthikeyan G, Bharathi GJ, Duraikannan S.
Comparative analysis of direct coupling and MPPT control
in standalone PV systems for solar energy optimization
to meet sustainable building energy demands. Sci Rep.
2024;14(1).

Al-Ghossini H, Liu H, Locment F, Sechilariu M. Estimation of
speed rotation for MPPT used by small scale wind generator
integrated in DC microgrid experimental validation. IECON
2014 - 40th Annual Conference of the IEEE Industrial
Electronics Society; 2014/10: IEEE; 2014. p. 2082-2088.
Phan BC, Lai Y-C, Lin CE. A Deep Reinforcement Learning-
Based MPPT Control for PV Systems under Partial Shading
Condition. Sensors. 2020;20(11):3039.

Wang Y, Zhang W, Ma Y, Yu Y, Chen H. An improved RIME
optimization algorithm based maximum power point
tracking method for photovoltaic system under partially
shading condition. Sci Rep. 2025;15(1).

Riyadh A, Abdulrazzaq Abdulghafoor A, Khalil Antar R.
Analysis of the performance of a 25-level inverter with a
minimum number of switches and reduced harmonics for
an environment solar energy. NTU Journal of Renewable
Energy. 2024;6(1):21-30.

.Juma’a H, Atyia T. Design and Implementation of multi-level

inverter for PV system with various DC Sources. NTU Journal
of Renewable Energy. 2023;5(1):24-33.

Hamoodi AN, Abdulla FS, Ahmed Alwan A. Maximizing
Output Power for Solar Panel using Grey Wolf Optimization.
NTU Journal of Engineering and Technology. 2022;1(4).
Hamoodi AN, Abdulla FS, Ahmed Alwan A. A Comparison
Study a Mong Optimization Methods for Solar PV Hybrid
System. NTU Journal of Engineering and Technology.
2022;1(4).

Abdelsattar M, Mohamed HA, A. Ismeil M, A. Zaki Diab A.
Maximum power point tracking of photovoltaic module
based on Particle Swarm Optimization enhanced with
Quasi-Newton method. PLoS One. 2025;20(7):e0327542.

1913


http://dx.doi.org/10.1038/s41598-025-06408-9
http://dx.doi.org/10.1038/s41598-025-06408-9
http://dx.doi.org/10.1038/s41598-025-06408-9
http://dx.doi.org/10.3390/electronics14112157
http://dx.doi.org/10.3390/electronics14112157
http://dx.doi.org/10.3390/electronics14112157
http://dx.doi.org/10.3390/act13110431
http://dx.doi.org/10.3390/act13110431
http://dx.doi.org/10.3390/act13110431
http://dx.doi.org/10.3390/electronics13071207
http://dx.doi.org/10.3390/electronics13071207
http://dx.doi.org/10.3390/electronics13071207
http://dx.doi.org/10.3390/electronics13214148
http://dx.doi.org/10.3390/electronics13214148
http://dx.doi.org/10.3390/electronics13214148
http://dx.doi.org/10.3390/electronics13214148
http://dx.doi.org/10.1371/journal.pone.0311177
http://dx.doi.org/10.1371/journal.pone.0311177
http://dx.doi.org/10.1371/journal.pone.0311177
http://dx.doi.org/10.1371/journal.pone.0311177
http://dx.doi.org/10.1371/journal.pone.0311177
http://dx.doi.org/10.20944/preprints202505.0968.v1
http://dx.doi.org/10.20944/preprints202505.0968.v1
http://dx.doi.org/10.20944/preprints202505.0968.v1
http://dx.doi.org/10.20944/preprints202505.0968.v1
http://dx.doi.org/10.15620/cdc/164179
http://dx.doi.org/10.15620/cdc/164179
http://dx.doi.org/10.1038/s41598-024-79554-1
http://dx.doi.org/10.1038/s41598-024-79554-1
http://dx.doi.org/10.1038/s41598-024-79554-1
http://dx.doi.org/10.1038/s41598-025-13007-1
http://dx.doi.org/10.1038/s41598-025-13007-1
http://dx.doi.org/10.1038/s41598-025-13007-1
http://dx.doi.org/10.1038/s41598-025-13007-1
http://dx.doi.org/10.1007/s00586-025-09206-z
http://dx.doi.org/10.1007/s00586-025-09206-z
http://dx.doi.org/10.1007/s00586-025-09206-z
http://dx.doi.org/10.1007/s00586-025-09206-z
http://dx.doi.org/10.1007/s00586-025-09206-z
http://dx.doi.org/10.1038/s41598-024-84333-z
http://dx.doi.org/10.1038/s41598-024-84333-z
http://dx.doi.org/10.1038/s41598-024-84333-z
http://dx.doi.org/10.1038/s41598-024-84333-z
http://dx.doi.org/10.1371/journal.pone.0295365
http://dx.doi.org/10.1371/journal.pone.0295365
http://dx.doi.org/10.1371/journal.pone.0295365
http://dx.doi.org/10.1371/journal.pone.0295365
http://dx.doi.org/10.1038/s41598-024-72606-6
http://dx.doi.org/10.1038/s41598-024-72606-6
http://dx.doi.org/10.1038/s41598-024-72606-6
http://dx.doi.org/10.1038/s41598-024-72606-6
http://dx.doi.org/10.1038/s41598-024-72606-6
http://dx.doi.org/10.1109/iecon.2014.7048789
http://dx.doi.org/10.1109/iecon.2014.7048789
http://dx.doi.org/10.1109/iecon.2014.7048789
http://dx.doi.org/10.1109/iecon.2014.7048789
http://dx.doi.org/10.1109/iecon.2014.7048789
http://dx.doi.org/10.3390/s20113039
http://dx.doi.org/10.3390/s20113039
http://dx.doi.org/10.3390/s20113039
http://dx.doi.org/10.1038/s41598-025-01586-y
http://dx.doi.org/10.1038/s41598-025-01586-y
http://dx.doi.org/10.1038/s41598-025-01586-y
http://dx.doi.org/10.1038/s41598-025-01586-y
http://dx.doi.org/10.56286/ntujre.v6i1.891
http://dx.doi.org/10.56286/ntujre.v6i1.891
http://dx.doi.org/10.56286/ntujre.v6i1.891
http://dx.doi.org/10.56286/ntujre.v6i1.891
http://dx.doi.org/10.56286/ntujre.v6i1.891
http://dx.doi.org/10.56286/ntujre.v5i1.554
http://dx.doi.org/10.56286/ntujre.v5i1.554
http://dx.doi.org/10.56286/ntujre.v5i1.554
http://dx.doi.org/10.56286/ntujet.v1i4.164
http://dx.doi.org/10.56286/ntujet.v1i4.164
http://dx.doi.org/10.56286/ntujet.v1i4.164
http://dx.doi.org/10.56286/ntujet.v1i4.221
http://dx.doi.org/10.56286/ntujet.v1i4.221
http://dx.doi.org/10.56286/ntujet.v1i4.221
http://dx.doi.org/10.56286/ntujet.v1i4.221
http://dx.doi.org/10.1371/journal.pone.0327542
http://dx.doi.org/10.1371/journal.pone.0327542
http://dx.doi.org/10.1371/journal.pone.0327542
http://dx.doi.org/10.1371/journal.pone.0327542

	A Comprehensive Review of Centralized MPPT in Photovoltaic Systems: Robust Control and IoT-Driven In
	Abstract
	INTRODUCTION
	MATERIALS AND METHODS
	Protocol registration and reporting standard
	Search strategy and reproducibility
	Eligibility criteria
	Quality  measurement and risk of bias.
	Data mining and meta-analysis approach
	Literature Search Strategy
	Synthesis and extraction of data

	RESULTS AND DISCUSSION
	Quantitative meta-analysis of control algorithms
	Verified cyber-physical integration system

	CONCLUSION
	REFERENCES

