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ABSTRACT

This study presents a nanomaterial-engineered solar energy conversion and storage system that integrates a
quasi-Z-source converter with adaptive maximum power point tracking (MPPT) algorithms, namely Modified Incremental
Conductance (MIC) and Modified Perturb-and-Observe (M-P & O), to enhance photovoltaic (PV) performance under
dynamic irradiance conditions. The overall system behaviour and control effectiveness are systematically evaluated using
MATLAB/Simulink-based simulations. Simulation results demonstrated that the MIC algorithm offers superior voltage
stability, faster dynamic response, and higher tracking accuracy compared to the M-P & O approach. It achieved 1.6 kW
additional simulated power output at a standard operating temperature of 25 °C. The proposed PV module employed a hybrid
nanomaterial configuration in which quantum dots and graphene derivatives are embedded within the photoactive layer to
broaden spectral absorption and improve charge carrier mobility, while metal oxide nanoparticles such as TiO2 and ZnO
enhance interfacial charge separation and suppressed the recombination losses. These nanomaterial-induced modifications
result in nonlinear and dynamically varying current—voltage characteristics, thereby necessitating adaptive MPPT control.
The dynamic step-size adjustment mechanism implemented in the MIC algorithm effectively accommodated these variations,
enabling stable and efficient energy extraction. Overall, simulation-based findings indicate an efficiency improvement of
approximately 6—-8%, demonstrating a scalable and sustainable pathway for high-performance solar energy systems.

Keywords: Nanomaterial-based photovoltaic systems; Quasi-Z source converter; Modified incremental conductance
algorithm; Modified perturb and observe algorithm; Solar photovoltaic system.

1. INTRODUCTION responsiveness by explicitly evaluating the slope of the
power- voltage relationship (Esram and Chapman, 2007).
These distinctions have been consistently documented
under transient environmental scenarios rather than under
steady-state  operation, where both algorithms
demonstrate comparable performance (Hohm and Ropp,

2003).

Maximum Power Point Tracking (MPPT) plays
a central role in maximizing the energy yield of
photovoltaic (PV) systems by continuously regulating
the operating point under varying environmental and
electrical conditions (Esram and Chapman, 2007; Reisi
et al. 2013). Among the numerous MPPT strategies

proposed in the literature, Perturb-and-Observe (P&O) Recent developments have focused on

and Incremental Conductance (INC) remain the most
widely adopted due to their relative maturity, ease of
implementation, and adaptability across diverse PV
configurations (Hohm and Ropp, 2003; Femia et al.
2005). Both algorithms aim to locate the maximum
power point (MPP) by exploiting the nonlinear
characteristics of PV modules; however, their tracking
performance is strongly influenced by irradiance
fluctuations, temperature variations, and partial shading
phenomena (Walker, 2001; Safari and Mekhilef, 2011).
Under rapidly changing operating conditions,
conventional P&O methods may experience delayed
convergence and persistent oscillations around the MPP,
whereas INC-based approaches exhibit improved

enhancing the INC algorithm through adaptive control
mechanisms to mitigate its sensitivity to noise and
computational overhead (Femia et al. 2005; Reisi ef al.
2013). Modified INC schemes improve tracking
precision primarily during fast irradiance transitions and
irregular shading events by dynamically adjusting step
sizes and convergence criteria (Safari and Mekhilef,
2011). In contrast, the P&O algorithm continues to be
favored in applications where environmental conditions
are relatively stable and controller simplicity is
prioritized (Walker, 2001). Thus, rather than a universal
superiority, the performance distinction between P&O
and INC is dependent upon operating dynamics, system
complexity, and control responsiveness (Esram and
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Chapman, 2007). Recognizing these contextual
dependencies is essential for aligning MPPT strategies
with emerging PV technologies.

In parallel with advances in control algorithms,
nanomaterial integration has emerged as a transformative
pathway for improving PV performance at the material
level (Atwater and Polman, 2010; Green et al. 2014).
Nanostructured components including quantum dots,
graphene-based derivatives, carbon nanotubes, and metal
oxide nanoparticles modify light-matter interactions by
enhancing spectral absorption, improving charge carrier
transport, and reducing recombination losses (Snaith,
2013; Nozik, 2010). These material-level enhancements
significantly alter the electrical behavior of PV modules,
resulting in more complex and dynamically varying

current-voltage (I-V) and power-voltage (P-V)
characteristics under changing irradiance and
temperature  conditions (Green et al 2014).

Consequently, the incorporation of nanomaterials does
not merely improve conversion efficiency but also
introduces new control challenges for MPPT algorithms,
which must respond to steeper curve gradients, localized
extrema, and rapid parameter variations (Atwater and
Polman, 2010).

This intrinsic coupling between nanomaterial-
induced electrical dynamics and MPPT performance
necessitates a shift toward more adaptive and analytically
grounded tracking techniques (Nozik, 2010).
Nanomaterial-engineered PV surfaces exhibit increased
sensitivity to spectral and thermal fluctuations, which can
amplify the limitations of conventional perturbative
methods such as P&O (Safari and Mekhilef, 2011). In
contrast, INC-based approaches, particularly those
capable of estimating instantaneous slope variations are
better suited to accommodate the nonlinear and time-
varying behavior introduced by nanoscale modifications
(Reisi et al. 2013). Therefore, the relevance of advanced
INC variants is not rooted in generalized efficiency
claims but in their structural compatibility with the
evolving electrical signatures of nanomaterial-enhanced
PV systems (Femia ef al. 2005).

Despite these advancements, existing studies
frequently treat nanomaterial innovation and MPPT
control design as isolated domains, resulting in
fragmented optimization strategies (Green et al. 2014). A
cohesive framework that integrates material-level
enhancements with control-level adaptability remains
insufficiently explored (Atwater and Polman, 2010).
Moreover, comparative analyses of P&O and INC
algorithms are often presented independently of the
altered operating landscapes created by nanostructured
PV materials, limiting their practical relevance for next-
generation solar systems (Esram and Chapman, 2007).
Addressing this gap requires a systematic evaluation of
MPPT performance within nanomaterial-enhanced PV
architectures, emphasizing tracking stability,
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adaptability, and robustness rather than isolated

efficiency metrics (Reisi ef al. 2013).

Accordingly, this study aims to establish a
unified perspective on nanomaterial-integrated PV
systems by examining the interaction between nanoscale
material  enhancements and MPPT  algorithm
performance. The research provides a detailed
assessment of nanomaterial contributions to photovoltaic
behavior and evaluates the suitability of P&O and INC-
based MPPT techniques within this context using
simulation-based analysis under diverse operating
conditions (Safari and Mekhilef, 2011). By aligning
material engineering with control optimization, the study
identifies an MPPT strategy that effectively supports the
dynamic characteristics of nano-engineered solar
systems.

2. RELATED WORKS

Advanced MPPT strategies have been
extensively investigated to improve PV energy extraction
under dynamic environmental conditions (Esram and
Chapman, 2007; Reisi et al. 2013). Among conventional
methods, INC techniques have demonstrated superior
steady-state accuracy and reduced oscillatory behavior
compared to P&O, particularly under rapidly varying
irradiance and temperature conditions (Hohm and Ropp,
2003; Femia et al. 2005). INC algorithms outperform
P&O in high-frequency environmental variations due to
their ability to explicitly evaluate the slope of the power—
voltage curve, although the performance gap narrows
under steady operating conditions where both approaches
exhibit comparable efficiency (Siddique ef al. 2024). To
further enhance dynamic response, hybrid and
metaheuristic MPPT frameworks, such as swarm-
optimized and evolutionary-assisted INC controllers
have been proposed, significantly reducing energy loss
and  accelerating  convergence  during  abrupt
environmental transitions (Chauhan et al. 2025).

Recent studies have also explored hybrid INC
adaptations to improve electrical responsiveness in
emerging photovoltaic materials, including perovskites,
TiO; nanotubes, and plasmonic nanostructures (Atwater
and Polman, 2010; Green et al. 2014). These
nanomaterial-enhanced systems introduce nonlinear
electrical behaviors arising from carrier confinement
effects, surface plasmon resonance, and temperature-
dependent transport phenomena (Nozik, 2010; Snaith,
2013). Consequently, rapid voltage and current sensing is
required to prevent instability and power fluctuation
under fast-changing operating conditions. While P&O
algorithms typically require additional filtering to
mitigate oscillations in such environments, enhanced
INC methods employ self-adaptive incremental step
modulation, enabling real-time response to nonlinear
operating conditions (Safari and Mekhilef, 2011).
However, comparative algorithmic investigations
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tailored specifically to nanomaterial-based PV systems
remain limited, necessitating focused studies to
determine optimal MPPT strategies for efficiency and
operational stability (Reisi ef al. 2013).

Early comparative analyses evaluated the
fundamental performance of INC and P&O algorithms
under standard irradiance and temperature variations,
establishing their convergence behavior and steady-state
limitations (Hohm and Ropp, 2003). Subsequent works
enhanced mathematical modeling accuracy and
incorporated dynamic environmental simulations to
reflect realistic operating conditions, including irradiance
ramps and partial shading scenarios (Siddique et al.
2024; Esram and Chapman, 2007). More recent studies
emphasized intelligent, self-adaptive MPPT controllers,
replacing fixed-step approaches to optimize real-time
energy conversion efficiency under highly variable
conditions (Chauhan et al. 2018). These advancements
consistently demonstrate that improved INC algorithms
achieve higher tracking accuracy, faster convergence,
and greater energy yield under variable irradiance and
temperature compared to conventional P&O methods
(Femia et al. 2005).

increased current

Fig. 1: Synergistic nanomaterial layers for next-gen
photovoltaics

In parallel, nanomaterial-engineered
photovoltaic systems have emerged as a promising
pathway for next-generation solar energy conversion
(Atwater and Polman, 2010). Nanomaterials enhance
optical absorption, electrical conductivity, and thermal
stability through mechanisms such as plasmonic
resonance, broadband light scattering, energy-level
alignment, and reduced carrier recombination (Green et
al. 2014; Nozik, 2010). Nanostructured semiconductors,
conductive nanolayers, and nanofluid-based thermal
management systems collectively improve charge
extraction efficiency and mitigate temperature-induced
degradation, thereby altering the electrical response of
PV modules under dynamic conditions (Snaith, 2013).
Fig. 1 illustrates the multilayer integration of
nanomaterials within next-generation PV architectures,
highlighting their role in enhancing PV efficiency,
durability, and thermal resilience.
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Despite these material-level advancements,
MPPT algorithm performance under highly dynamic
operating conditions remains a critical challenge (Reisi et
al. 2013). Both P&O and INC methods may experience
degraded tracking accuracy, slow convergence, and
increased steady-state oscillations, particularly when
coupled with energy storage components (Siddique et al.
2024). In PV systems integrated with batteries and
supercapacitors, state-of-charge dynamics and internal
resistance  significantly influence voltage—current
characteristics, further complicating MPPT behavior
(Divya and Ostergaard, 2009; Castillo-Cagigal et al.
2011). Therefore, next-generation solar energy
management increasingly relies on adaptive algorithms
capable of responding to real-time environmental and
system-level variations.

From a power electronics perspective, Z-source
and quasi-Z-source inverter (qZSI) topologies have
gained prominence for single-stage power conversion
and grid integration (Peng, 2003). These converters
eliminate separate DC-DC and DC-AC stages, offering
buck-boost capability, high voltage gain, reduced
component stress, and improved reliability under partial
shading conditions (Anderson and Peng, 2008). The
impedance-network-based shoot-through control in qZSI
systems enhances voltage amplification, switching
efficiency, and grid synchronization, making them
well-suited for compact and high-efficiency solar
applications (Li ef al. 2013).

Energy storage integration further improves
system stability and operational flexibility by enabling
load balancing, peak shaving, and intermittent power
smoothing (Divya and @stergaard, 2009). However, the
dynamic interaction between MPPT controllers, storage
elements, and inverter topologies introduces additional
complexity, as MPPT accuracy becomes dependent on
storage state-of-charge, response time, and internal
resistance  (Castillo-Cagigal et al. 2011). This
underscores the need for coordinated MPPT and energy
management strategies to ensure optimal energy flow and
long-term system reliability.

While advanced MPPT algorithms and
nanomaterial-based photovoltaic enhancements have
each been extensively studied in isolation, their
combined interaction at the integrated system level
remains inadequately explored (Green et al. 2014).
Existing INC-P&O comparative studies predominantly
focus on conventional silicon-based PV systems and
largely neglect the influence of nanomaterial-induced
optical, electrical, and thermal dynamics on MPPT
behavior (Atwater and Polman, 2010). Specifically, prior
works do not systematically address how nanomaterials
alter light absorption, carrier transport, temperature
responsiveness, and MPPT control dynamics within
integrated energy conversion and storage systems,
highlighting a critical research gap for next-generation
photovoltaic architectures.
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Fig. 2: MPPT of Nano based PV system

To address this gap, the present study evaluates
MIC and P&O algorithms within nanomaterial-enhanced
photovoltaic ~ energy  conversion and  storage
architectures. By jointly analysing material engineering
effects and power electronics control behaviour, the study
examines tracking efficiency, convergence speed, and
operational durability under dynamic irradiance and
temperature conditions. Fig. 2 illustrates the MPPT
framework applied to nano-based PV systems,
emphasizing the system-level integration of adaptive
control strategies. This work provides a comprehensive
understanding of nanomaterial-MPPT interactions,
advancing intelligent and sustainable solar energy system
design.

3. NANOMATERIAL FRAMEWORK FOR
ADVANCED PHOTOVOLTAIC DEVICES

Nanomaterials play a pivotal role in the
development of next-generation PV devices by enabling
enhanced optical management, improved charge carrier
selectivity, and effective thermal regulation (Polman et
al. 2016; Catchpole and Polman, 2008). In addition to
performance advantages, the research framework
critically evaluates fabrication complexity, material
stability, and scalability constraints to provide a balanced
and implementation-oriented perspective (Hou et al.
2019).

3.1 Target Functions

Advanced nanomaterials contribute to multiple
functional objectives in PV devices, including anti-
reflection, light trapping, carrier selectivity, and thermal
mitigation (Battaglia et al. 2014). Anti-reflection and
light trapping are achieved through nanostructured
coatings such as silicon nitride, titanium dioxide,
polyurethane-based layers, and zinc oxide, as well as
photonic nanostructures that suppress surface reflectance
and increase optical path length within the absorber layer
(Spinelli et al. 2012; Ferry et al. 2010). These
mechanisms enhance photogenerated current and overall
conversion efficiency by promoting broadband
absorption across the solar spectrum (Pillai et al. 2011).
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Carrier selectivity is improved using engineered
nanomaterials such as bilayer metal oxides,
semiconductor quantum dots, and doped transition-metal
oxides, which facilitate directional charge transport while
suppressing interfacial recombination losses (Tress,
2017; Yin et al. 2014). Such nanostructured interlayers
enable favorable band alignment and selective carrier
extraction; however, these benefits are accompanied by
sensitivity to interface quality and defect density,
requiring precise thickness and stoichiometry control
during fabrication (Sraku et al. 2025).

Thermal mitigation is addressed through nano-
encapsulated phase change materials and thermally
conductive nanocomposites, which dissipate excess heat
and reduce operating temperatures under high irradiance
conditions (Shchukina et al. 2012; Sharma et al. 2015).
While these approaches enhance thermal stability and
extend device lifetime, challenges remain regarding
long-term phase stability, encapsulation durability, and
thermal cycling resistance (Cabeza et al. 2011). The
multifunctional characteristics of nanomaterial-based PV
systems are summarized in Fig. 3.

3.2 Synthesis Routes and Process Windows

The realization of functional nanomaterial
layers requires synthesis routes that balance material
quality, process controllability, and scalability, as
illustrated in Fig. 4 (O’Regan and Gritzel, 1991).
Solution-based techniques such as sol-gel processing
and chemical bath deposition are widely employed for
synthesizing metal oxides and nanocomposites due to
their low cost, compositional tunability, and
compatibility with large-area substrates (Sankapal et al.
2012; Patil et al. 2014). However, these methods may
suffer from batch-to-batch variability, limited thickness
uniformity, and solvent-induced defects, particularly in
multilayer device architectures (Burschka et al. 2013).

Atomic layer deposition (ALD) is critical for
achieving atomic-scale thickness control and highly
conformal coatings on complex nanostructured surfaces,
making it indispensable for carrier-selective layers and
interface engineering (George, 2010). Despite
superior film quality and reproducibility, ALD introduces
higher capital investment and slower throughput, which
may constrain its scalability high-volume
manufacturing environments (Weber et al. 2023).

its

in

Soft nanoimprint lithography and colloidal
lithography enable the fabrication of customizable light-
trapping architectures and high-performance anti-
reflective surfaces with subwavelength precision
(Oliveira et al. 2021; Xia et al. 2010). While these
approaches offer excellent optical tunability, their large-
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area scalability, pattern fidelity, and alignment precision
remain key challenges for industrial deployment.
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Fig. 3: Characteristics of nanomaterial-based PV systems
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Fig. 4: Schematic of Synthesis process of nano-based PV
systems

3.3 Characterization

A systematic characterization strategy is
essential to correlate nanomaterial properties with
device-level performance, as summarized in Fig. 5
(Moulder et al. 1992). Surface morphology and
nanostructural uniformity were examined using scanning
electron microscopy (SEM) and atomic force microscopy
(AFM), while X-ray diffraction provided insights into
crystallinity, phase purity, and structural stability of
functional layers (Cullity and Stock, 2001).

Optical  characterization using UV-Vis
absorption and photoluminescence spectroscopy enables
evaluation of light absorption efficiency, bandgap
alignment, and recombination dynamics, which directly
influence photocurrent generation and voltage losses
(Fox, 2010). Electrical properties are assessed through
sheet resistance and Hall-effect measurements, while
contact angle analysis is employed to evaluate surface
wettability, encapsulation integrity, and resistance to
environmental degradation (Wenzel, 1936; Owens and
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Wendt, 1969). These complementary techniques
collectively validate both performance gains and
reliability trade-offs introduced by nanomaterial
integration.
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Fig. 5: Properties analysis

3.4 Device-level Integration: Encapsulation,
Reliability, and Compatibility

Successful deployment of nanomaterial-
enhanced PV devices requires careful device-level
integration addressing encapsulation, reliability, and
manufacturing compatibility (Kempe, 2006). Polymer-
based encapsulants such as polyvinyl alcohol and
polyurethane, along with nano-encapsulated phase
change materials, provide environmental protection and
thermal regulation, improving operational stability under
prolonged illumination and thermal cycling (Jelle ef al.
2012).

Nanomaterial coatings can enhance device
reliability by mitigating moisture ingress, ultraviolet
degradation, and thermo-mechanical stress; however,
long-term stability remains strongly dependent on
interfacial adhesion, chemical compatibility, and
encapsulation quality Corsini, F., & Griffini, G. (2020)
Compatibility with existing manufacturing workflows is
achieved through conformal and low-temperature
deposition techniques, which minimize disruption to
established PV production lines and enable scalable
integration (Powell et al. 2017).

Overall, while nanomaterials offer substantial
performance and durability advantages, their successful
adoption in advanced photovoltaic devices depends on
balancing efficiency gains against fabrication
complexity, material stability, and cost scalability
(Green, 2019). This integrated framework supports the
rational design of high-efficiency, reliable, and
manufacturable next-generation PV systems.

Fig. 6 illustrates the architecture of the proposed
PV energy conversion system incorporating either a
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Modified Incremental Conductance (MIC) or a Modified
Perturb-and-Observe (M-P&QO) maximum power point
tracking (MPPT) algorithm. The system integrates
nanomaterial-enhanced PV arrays with a quasi-Z-source
DC-DC boost converter (qZSC) to achieve efficient
voltage boosting and robust power extraction under
dynamic environmental conditions.

4. PROPOSED SYSTEM

Quasi Z-Source :
PV
Solar PV Converter e
Vohage and PWM
Current Generator
Sensors

] f

Proposed MPPT Control Loop

Fig. 6: Block diagram of the proposed system

The PV array output voltage and current are
continuously monitored using dedicated sensors, forming
a closed-loop feedback system. These real-time
measurements are processed by the MPPT controller,
which computes the appropriate pulse-width modulation

(PWM) duty cycle for the qZSC. The adaptive duty-cycle
control enables the PV array to operate at or near its
maximum power point under varying irradiance,
temperature, and load conditions. Compared to
conventional MPPT systems, the proposed configuration
improves transient response, reduces steady-state
oscillations, and minimizes power loss during rapid
environmental changes.

The qZSC acts as the primary power-
conditioning interface between the PV array and the
downstream grid-connected inverter stage. In this
configuration, the qZSC provides voltage boosting,
shoot-through tolerance, and improved input current
continuity, thereby ensuring stable DC-link voltage
regulation prior to grid interfacing. The solar panel
current is mathematically represented by Equation (1).

1-1,-1, {exp{q%;?l)}_l}{ } (1)

The electrical characteristics of the PV modules
used in this study are summarized in Table 1, comparing
conventional silicon-based modules with the proposed
nanomaterial-enhanced modules. The integration of
nanomaterials is parameterized using a B value of 10%,
representing enhanced photon absorption and carrier
generation.

V4RI
Rw‘v

Table 1. Comparison of characteristics of conventional and nano-materialized PV Module

Proposed
Characteristics Standard Rating Nanomaterial Observation / Effect
(B=10%)
Power output increased by 10%, confirming
Maximum Power (Ppax) 330 W 363 W effective photon-to-electron conversion
enhancement.
R o Harel /) 547V 547V Voltagg remains constant; QD integration
mainly affects current generation.
Maximum Current (Inp) 553 A 6.138 A Currentilncreased prop01_"t10nally_w1th the gain
in photo-absorption efficiency.
.. No change band structure remains stable
Open Circuit Voltage (Vo) 64.0 V 64.0 V despite QD incorporation.
o .
Short Circuit Current (I.,) 5.96 A 6.556 A Inerease of 10% duc to enhanced carrier
generation and reduced recombination.
Maximum System Voltage 600 V DC 600 V DC System compatibility unchanged.
Parallel Strings 7 7 Configuration remains constant.
Series Connected Strings 3 3 Configuration unchanged for comparability.

Fig. 7 presents the voltage and current
characteristics corresponding to the parameters listed in
Table 1. The proposed system design utilizes these
enhanced electrical characteristics as input conditions for
MPPT control synthesis, ensuring compatibility with
existing system voltage limits, string configurations, and
grid requirements.
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The quasi-Z-source converter employed in the
proposed system is shown in Fig. 8. The qZSC topology
enables single-stage buck—boost operation and provides
inherent immunity to shoot-through conditions, making
it suitable for renewable energy systems with wide input
voltage variations. The converter consists of three
functional sections: the input stage, the quasi-Z-source
impedance network, and the output stage.
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Fig. 7: Comparison of parameters a) Voltage characteristics
and b) Current characteristics

4.1 Quasi Z-Source Converter

Fig. 8: Quasi Z-source DC — DC converter

The input stage includes the PV voltage source
V;and capacitor C,. The impedance network comprises
inductors L;and L,, capacitors C;and C,, and the active
switch S;with a parallel diode, replacing the diode used
in conventional quasi-Z-source networks (Sato et al.
2014). The output stage includes the load resistance R,
switch S;, and the low-pass filter Ls—Cr, which smooths
the output voltage prior to grid interfacing.

The voltages across capacitors Cjand C,are
denoted as wvgiand vy, respectively. The inductor
voltages are represented by vy, V5, and v, ¢, while the
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corresponding inductor currents are ir4, i;5, and iy . The
gate—source and drain—source voltages of switches S; and
S,are denoted as Vg1, Vgs2, Vas1, and Vgs,. The steady-
state output voltage across the load is represented as vy.

The steady-state output voltage of the qZSC is
given by Equation (2):

1-D¢
1-2D; b

Vo= 2,

where D;is the duty ratio of switch S,, and V;is
the input voltage from the PV array.

The ripple current in inductor L;is expressed by
Equations (3) and (4):

_ B(B-1)

i Ts
Aipy = 251 ZI/E - (3)
B=2 (4

where Bis the boost factor of the qZSC, L,is the
inductance of inductor L;, and Tyis the switching period.

4.2 Proposed Modified MPPT Algorithms

The proposed system incorporates two adaptive
MPPT algorithms, MIC and M-P&O, designed to
improve tracking speed, reduce oscillations, and maintain
stability under fast-changing environmental and load
conditions.

4.2.1 Modified Incremental Conductance Algorithm

The MIC algorithm extends the conventional
incremental conductance method by introducing adaptive
step-size control based on the slope of the PV curve. The
algorithm operates as follows:

e The previous voltage (Vo), current (Io), and power
(Po) were initialized and voltage perturbation step
AV. Define minimum and maximum step bounds
AVinand AV, gy

Real-time voltage (Vi), current (I;), duty cycle
(Dy), and system mode (charging or discharging)
were measured. which is determined by the DC-
link power balance between the PV array and the
load/storage interface.

Instantaneous power (P;) was computed.

The incremental changes in voltage and current
were calculated.”AV =V, — Vyand Al = [, — I,.

Incremental power (AP = P, - Po) was computed.
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If AP /AV = 0, the operating point corresponds to
the maximum power point.

If AI/AV > 0, increase the operating voltage;
otherwise, decrease it.

The voltage step size was adapted based on the P-
V slope. When operating far from the MPP, the
step size is increased as

AP
AVpew = AVppin ~ Ky - <W>

Near the MPP, the step size is reduced as
AP

AVpew = AVpax - k3 - (W)

where kqand k,are adaptive tuning constants

selected to ensure fast convergence while maintaining
system stability.

e Update the duty cycle within feasible bounds of
the qZSC.

)

Repeat the process until steady-state MPPT
operation is achieved.

4.3 Modified Perturb-and-observe Algorithm

The Modified P&O algorithm introduces
adaptive perturbation magnitude reduction to improve
convergence speed and reduce oscillations. Its
mathematical representation is given by Equations (5)—

(8):

P(k +1) = P(k) + AP .. (5
AP = P(V(k) + AV(K)) — P(V(K) ... (6)
AV (k) = AV, (1-%) (D

The adaptive perturbation direction is defined
as:

AV (k + 1) = AV (k) - sign(AP) - (1—“—”)

w) @)
where AV,is the initial perturbation step, Kis the

total number of iterations, kis the current iteration, APis

the change in power, and AVis the voltage perturbation.

5. SIMULATION ANALYSIS

Fig. 9 illustrates the complete
MATLAB/Simulink-based simulation model of qZSC
integrated with a solar PV system employing MIC and
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M-P&0O maximum power point tracking (MPPT)
algorithms. The simulation framework was developed to
comprehensively evaluate the dynamic and steady-state
performance of the proposed MPPT strategies under
varying environmental conditions.

d

t Ly
Metrics, Data

LCL Filter

‘
. _'@;
|

DC-AC
Inverter

Converter
L

Ve
L

e

o]

PV Array

PID Generator
(PIDO)

Grid Power

PID Generator
(PIDO)

Fig. 9: Simulation model

The simulation was executed using a fixed-step
discrete solver with a sampling time selected to ensure
accurate switching and control resolution. The total
simulation duration was chosen to adequately capture
both transient and steady-state operating behaviors under
constant and rapidly changing irradiance and temperature
profiles. The qZSC was operated at a high-frequency
switching regime suitable for renewable energy
applications, ensuring reduced current ripple and stable
DC-link voltage regulation. The MPPT algorithms were
updated at a fixed control interval synchronized with the
converter switching cycle to maintain real-time tracking
capability without computational delay.

The PV system configuration consists of 21
solar panels arranged in 3 columns and 7 rows, as shown
in Fig. 9. Each PV panel is rated at 330 W, yielding an
aggregate rated capacity of 6.93 kW, which is
approximated and referred to as a 7 kW-class residential
PV system for practical design consideration. This
configuration reflects a realistic rooftop-scale
deployment that can be readily adopted in residential and
small commercial applications. The MPPT algorithms
generate the PWM signals for the qZSC based on real-
time PV voltage and power measurements, enabling
efficient energy extraction under diverse environmental
conditions. Simulations were conducted under both
constant and variable irradiance and temperature profiles
to rigorously assess algorithm robustness.

5.1 Simulation Results and Discussions
5.1.1 Results and Discussions

The impact of irradiance fluctuations on system
performance was investigated by subjecting the PV array
to stepwise changes in solar irradiance while maintaining
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temperature constant. Fig. 10(a) depicts the applied
irradiance profile used for evaluation. The corresponding
power responses and duty cycle variations for
conventional P&O, modified P&O, conventional INC,
and modified INC algorithms are presented in Fig. 10(b)—
10(e).
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Fig. 10: Simulation results
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Fig. 11: Variations in electrical parameters for a constant
temperature of 25°C
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Under varying irradiance conditions, the
power—irradiance characteristics shown in Fig. 10(b)(i),
10(c)(i), 10(d)(i), and 10(e)(i) demonstrate that all MPPT
methods successfully track the general trend of
maximum power variation. However, the MIC algorithm
exhibits superior tracking behavior with faster
convergence, reduced oscillations around the MPP, and
improved steady-state stability. The associated duty cycle
responses, illustrated in Fig. 10(b)(ii)—10(e)(ii), further
confirm that MIC achieves smoother and more stable
control action compared to M-P&O and conventional
techniques, particularly during abrupt irradiance
transitions.

5.1.2 Comparative Results

Table 2. MPP for different irradiance levels

Temperature = 25°C

Irradiance Vaur (V) T () Pres (W)
(W/m?) MIC Plgb MIC Plgb MIC M- P&O
400 2728 2694 1513 1493 4127464  40.22142
600 2742 2711 2228 2214  61.09176  60.02154
800 2751 2726 2968 2943  81.64968  80.22618
1000 2758 2728 369.4 367.6 101.8805  100.2813

Table 3. MPP with different temperatures

Irradiance = 1000 W/m?

Temperature L\ b (8) Eo (W)

0 MIC P]::'O MIC PIX-O MIC M-P&O

0 361.3 359.8 294.4 281.2 106.3667 101.1758
25 369.2 364.2 273.6 260.7 101.0131 94.94694
30 367.3 362.4 272.5 258. 100.0893 93.4992
35 368.8 361.9 265.4 251.9 97.87952 91.16261
40 370.4 393.7 260.2 248.8 96.37808 89.24456
45 371.2 362.5 255.8 243.4 94.95296 88.2325

To quantitatively assess MPPT effectiveness,
key performance indices, including maximum voltage
(Vinax), maximum current (Imax), and maximum power
(Pmax), were extracted from the simulation results. These
indices serve as indicators of tracking accuracy,
convergence effectiveness, and power extraction
capability under varying operating conditions.

Table 2 presents the comparative performance
of MIC and M-PandO algorithms at a constant
temperature of 25 °C for different irradiance levels. As
irradiance increases from 400 W/m? to 1000 W/m?2, both
algorithms demonstrate a proportional increase in output
power. However, MIC consistently achieves higher Vmax
and Imax values, resulting in superior Pmax across all
irradiance levels. Fig. 11 graphically illustrates these
trends, highlighting the consistent performance margin
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achieved by MIC. At peak irradiance, MIC delivers
approximately 1-1.6 kW higher power output,
confirming enhanced MPP tracking efficiency and
reduced steady-state ripple.
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Fig. 12: Variations in electrical parameters at a constant
irradiance of 1000 W/m?

5.1.3 Performance under Temperature Variations

The influence of temperature on system
performance was evaluated by maintaining irradiance
constant at 1000 W/m? while varying temperature from 0
°C to 45 °C . The corresponding results are summarized
in Table 3 and visualized in Fig. 12. As expected,
increasing temperature leads to a reduction in current and
power output for both MPPT techniques due to intrinsic
PV thermal characteristics. Despite this degradation,

45

MIC consistently outperforms M-P&O by maintaining
higher current and power levels across the entire
temperature range.

The improved performance of MIC under
thermal stress is attributed to its adaptive step-size
regulation and hysteresis-based convergence mechanism,
which effectively compensates for temperature-induced
voltage shifts. The nanomaterial-enhanced PV modules
further benefit MIC by providing improved carrier
mobility and optical absorption, enabling more resilient
power extraction under elevated temperatures.

5.1.4 Discussion on Tracking Efficiency and Dynamic
Response

Overall, the simulation results confirm that the
MIC algorithm exhibits higher tracking efficiency, faster
settling time, and reduced oscillatory behavior compared
to M-P&O. MIC demonstrates approximately 40% lower
power oscillations near the MPP and achieves 6—-8%
higher conversion efficiency under rapidly changing
environmental conditions. These improvements translate
to enhanced energy yield, reduced mismatch losses, and
improved system reliability.

While M-P&O remains attractive due to its
simplicity and low computational burden, its fixed
perturbation step limits adaptability under fast-changing
irradiance and temperature conditions. In contrast, the
MIC algorithm, when integrated with nanomaterial-
based PV modules, provides a robust and scalable MPPT
solution suitable for grid-connected and distributed
rooftop solar systems.

6. CONCLUSION

This study investigated MIC and M-P&O
maximum power point tracking algorithms using
simulation-based evaluation. The results indicate that
MIC consistently achieves improved tracking accuracy,
faster convergence, and reduced oscillations under
varying irradiance and temperature conditions when
compared to M-P&O within the examined system
configuration. These advantages are particularly relevant
for grid-connected photovoltaic systems employing
quasi-Z-source converters, where stable voltage boosting
and dynamic power regulation are required.

The adaptive behavior of MIC enables effective
handling of nonlinear current—voltage characteristics
introduced by nanomaterial-enhanced photovoltaic
modules, including changes in spectral response and
carrier dynamics. While the findings are limited to
simulation scenarios, they suggest that combining
adaptive MPPT strategies with nanomaterial-based
photovoltaic technologies offers a promising pathway for
improving energy extraction stability and system
reliability. Further experimental validation is required to
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confirm scalability and performance under real-world
operating conditions.
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