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1. Introduction over recent decades [1, 2]. However, their efficiency is
constrained by various environmental and operational

The escalating global demand for energy, alongside rising factors, with temperature being a paramount concern

environmental concerns and dwindling fossil resources,
has created a pressing need for the development of clean,
sustainable, and efficient energy solutions. Solar energy,
due to its abundance and renewability, stands out as one
of the most promising alternatives. Photovoltaic (PV)
systems, which directly convert solar radiation into elec-
trical energy, have seen significant growth in popularity

[3, 4]. As the operating temperature of PV modules
increases, their efficiency typically declines, attributable
to the intrinsic characteristics of semiconductor materials
[5, 6]. To mitigate the thermal inefficiencies associated
with standalone PV systems, hybrid systems that inte-
grate PV modules with thermoelectric generators (TEGs)
have been proposed [7]. The PV-TEG systems capitalize
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on the waste heat released by PV panels. TEGs, which
operate based on the Seebeck effect, can convert temper-
ature differences directly into electrical power, thereby
providing a complementary means of energy generation
[8, 9]. The PV-TEG system not only enhances the overall
energy conversion efficiency but also helps in managing
the thermal profile of PV panels, potentially extending
their operational lifespan [10, 11].

Existing literature has explored PV-TEG systems
through both theoretical and practical approaches.
Kamouny et al. demonstrated that incorporating a ther-
moelectric module into a PV panel significantly enhances
the system’s efficiency [12]. The sun’s radiation that
strikes the surface of PV panel and the temperature of
the panel’s surface are the two main determinants of PV
output. The efficacy of a PV system improves in propor-
tion to the increased solar radiation. However, the solar
energy reaching the panel is impacted due to external
factors such as dust build-up on the panel, shadowing
across the panel’s surface, and the presence of airborne
contaminants or water vapour [13, 14]. As panel tem-
peratures rise, key output metrics such as fill factor (FF),
open-circuit voltage (Vo ), and maximum power (Ppax)
experience significant declines [15]. Furthermore, there
is a slight increase in current Ig¢ with rising tempera-
tures. Consequently, the PV panels’ overall efficiency
diminishes as their temperature increases. According to
earlier research, as the panel’s temperature rises, its Voc,
drops at a rate of 0.45% per °C. Likewise, as the panel
temperature increases, the output power and FF drop at
steady rates of —0.65% and —0.2% per °C, respectively.
Therefore, a detailed understanding of temperature in
PV panel under different situations is important for the
PV system to operate efficiently. For that, Lamda and
Kaushik proposes a concentrated PV-TEG hybrid sys-
tem and caries out performance analysis for it [16]. A
comprehensive review of such systems is also presented
by Sahin et al. [17] and Indira et al [18]. Qasim et al. ex-
plains how the heat produced during normal photovoltaic
operation can be converted into useful energy with a
hybrid PV-TEG set up [19]. Kohan et al. simulates a
similar system to justify its effectiveness [20]. For further
improvement in efficacy of PV-TEG system, integration
of proper MPPT techniques is important [21, 22, 23].
This is addressed by Yang et al. carrying out a detailed
review of MPPT for hybrid PV-TEG systems [24]. In
another research, Brahmi et al. highlights comparative
optimization strategies for MPPT controllers with par-
tial shading conditions (PSC) [25]. Ghanbarzadeh et
al. outlines a sliding mode controller MPPT enabled
algorithm for hybrid renewable sources [26]. Senapati et
al. investigates intelligence-based algorithms for MPPT
to optimize PV performance with PSC and temperature
effects [27, 28, 29, 30]. Ahmadi et al. explores har-
monics detection with oscillatory coupling effect [31].
Again, fuzzy logic-based MPPT methodologies has been
proposed for PV-TEG systems by Kanagaraj et al. in [32]
and by Safaei et al. in [33]. Similar MPPT algorithms
using PSO and P&O are suggested by Muhammed et al.
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[34] and Jaklair et al. [35] respectively.

Wau et al. explores the main challenges that continue
to hinder the efficiency of TEG systems, despite recent
technological advancements [36]. A significant issue
identified is low conversion efficiency, primarily arising
from difficulties in manufacturing processes, electrode
connections, and material performance [36]. Dhawan
et al. presents a model to improve the efficiency of mi-
croelectronic TEGs, which are often limited by parasitic
electrical and thermal resistances, especially when using
materials like silicon [37]. They emphasize that while
power and efficiency cannot be maximized at the same
time, optimizing the packing fraction is essential. The
model integrates these parasitic effects and suggests an
optimal packing fraction of 1 — 10%, significantly lower
than current designs, to enhance n'TEG performance
in future applications [37]. Rad et al. evaluates the
performance of small-scale and concentrated PV-TEG
units using affordable, commercially available compo-
nents [38]. It finds that incorporating phase change
materials (PCMs) with paraffin-wax and copper-fins in
concentrated PV-TEGs systems significantly boosts ef-
ficiency, achieving about 15.5% electrical efficiency,
37.4% thermal efficiency, and 16.7% energy efficiency,
while reducing cell temperatures by over 20%. However,
TEGs with nanofluids are economically unviable, as
they lead to a 15 — 35% increase in energy costs [38].
Wang et al. focus on optimizing the configuration of
a PV-TEG array using CDIWO algorithm to improve
energy conversion efficiency and adaptability to varying
environmental conditions [39]. They effectively address
challenges like PSC and temperature changes while max-
imizing power output and system reliability [39]. To
enhance understanding of moisture behavior, Mitterhofer
et al. presents a two-stage 2D Fickian diffusion model
with better boundary conditions, critiquing traditional
single 2D simulations [40]. Overall, it emphasizes the
need to accurately model moisture ingress in PV sys-
tems, considering local microclimates and back sheet
interactions [40].

Several similar studies have investigated the perfor-
mance of hybrid PV-TEG systems accounting solar irradi-
ance and ambient temperature, but in most cases, the role
of relative humidity (RH) remains underexplored. RH
significantly affects solar energy systems by influencing
solar radiation transmittance, convective heat transfer,
and the cooling characteristics of PV modules [41]. High
RH can reduce solar irradiance on PV panels due to wa-
ter vapour scattering and absorption, but it enhances
convective cooling, alleviating some heat accumulation
issues [42]. Additionally, the performance of TEGs,
which require a sufficient temperature gradient between
their hot and cold sides, can be indirectly impacted by
RH through its influence on ambient temperature and
heat dissipation rates.

The present study addresses the aforementioned re-
search gaps by developing a novel MPPT algorithm for a
hybrid PV-TEG system that accounts for RH along with
the irradiance and temperature effects. The inclusion of
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the humidity derating factor (HDF) enhances the power
extraction efficacy of the hybrid system. The Perturb
and Observe (P&O) optimization strategies have been
employed in the proposed MPPT algorithm, which is
simulated in a MATLAB/SIMULINK environment for
quantitative assessment of the proposed PV-TEG system
under different humidity profiles.

2. Methodology

In this study, a PV-TEG hybrid model is developed and
the P&O algorithm is applied for MPPT considering
humidity derating factor (HDF). The system is observed
for the effect of humidity, temperature, and solar radi-
ation. Mathematical modellings of the subsystems are
illustrated as follows:

2.1 Modelling of PV system

PV cells are the fundamental units of solar energy system
that convert solar radiation into electrical energy. Accu-
rate performance prediction of such devices requires the
modeling of nonlinear PV cell behavior, especially when
it varies due to temperature and irradiance changes [2].
The double-diode model gives a detailed representation
of electrical feature of a PV cell, accounting for recom-
bination losses and resistive effects [43]. The current (1)
of a PV cell is defined by equation (1).

V+IR
I=1Ipy—Ig [exp( S) - 1} -
a1 Vri

; [ (V+1RS) 1] (V+IRS)

ex -1 -[—
a2 |xP a2V Rp
where,

Ipy: Current related to a PV source in Ampere
141: Scaling coeflicient related to the first temperature-
dependent component in Ampere
17>: Scaling coefficient related to the second temperature-
dependent component in Ampere
V: Voltage across the system in Volt
R: Resistance in Ohms
a1:  Temperature coefficient for the first compo-
nent(unitless)
ap: Temperature coefficient for the second compo-
nent(unitless)
T1: Temperature associated with the first component
(unitless)
T2: Temperature associated with the second component
in degree Celsius
Rp: Additional resistance or parameter related to the
system in Ohms
The following equation characterizes the output current
14 of a PV cell, alongside the temperature dependence
and the electrical characteristics of the cell [43].

I, = (Iscstc + KiAT) 2)

Vocstc+KvAT — p | _
[CXP( al+ap AVT) 1]

6]

where,
Isc.stc: Short-circuit (SC) current of the PV cell under
Standard Test Conditions (STC) in Ampere
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K;: Temperature coefficient for the SC current in Am-
pere/°C.

AT': Temperature gradient in °C.

Voc-stc: Open-circuit (OC) voltage of the PV cell under
STC in Volts

Ky: Temperature coefficient for the OC voltage in
Volt/°C

a1 and ay: Temperature coefficients for specific compo-
nents within the PV system (unitless)

p: Resistivity (a material-specific parameter) of the PV
components in Qm

AVr: Thermoelectric voltage per unit of temperature in
Volt/°C

The PV cell’s performance is depicted by the combi-
nation of Voc.stc and Isc.stc in the equation (2) that
models the output current of a PV cell. They are not,
however, exactly proportionate. Rather, according to the
diode equation, Vo increases logarithmically with Igc.
Although both rise with increasing irradiance, they react
differently to temperature: Vpc decreases noticeably
with temperature, owing to increased carrier recombi-
nation, whereas Igc tends to slightly increase. Ky, Ky,
a1, and @, indicate how PV cell parameters respond
to temperature changes. These coeflicients vary across
different PV technologies due to material characteristics
and cell structure. For example, thin-film technologies
like CdTe or CIGS may exhibit lower Ky and sometimes
a slightly positive K;, while monocrystalline silicon
modules typically have a higher Vo and a moderately
negative Ky (around —0.4 to —0.5%/°C). As a result,
thin-film modules can retain a larger portion of their
rated power in hotter conditions compared to crystalline
modules [44]. These variations also affect simulation
and prediction models.

The Voc of a PV cell as a function of temperature
change (ATn) between the junction (73) and the cell
(T,) is defined by equation (3). It demonstrates how
temperature affects the output of a PV cell [2].

Voc = Ky (Th = Te)n = KyATn (3)

Equation (4) models the coefficient of temperature T of
the OC voltage of a PV cell at temperature 7" [44].

dKy

=T T 4)
The terms ‘Ky’ and ‘T’ both discuss how temperature
impacts the functionality of thermoelectric and PV sys-
tems. The temperature coefficient of OC voltage, Ky
is usually expressed in Volt/°C, while 7 denotes the
temperature-dependent variation of Ky and is measured
in Volts.

Humidity can heavily impact efficiency by lowering it
through scattering solar radiation and causing condensa-
tion, which reduces the amount of sunlight reaching the
cell. The relation (5) is a basic approximation of a PV
cell’s efficiency under relative humidity (RH).

_100e

€s

RH (&)
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where, e is the actual water vapor pressure in the air and
e refers the same-temperature saturation vapor pressure.
The derating factor Dy, is dependent on the RH. As
humidity increases there is an increase in RH which
leads to a higher humidity derating factor, D, (H) [42].
The efficiency considering relative humidity is given as
in equation (6).

npv(H) =npv,o X [1 = Dy (H)] (6)

where:
npv(H): PV efficiency at a given humidity
npv,o: Baseline PV efficiency under standard conditions

2.2 Modelling of a TEG

Equation (7) gives the output power Ptgg of a TEG
based on its electrical properties and resistance values.

(@pnAt)* Ry

(RL + Rreg)?

)

PrEG =

Here, ap, is the Seebeck coeflicient. Rrgg is the in-
ternal resistance of the TEG in Ohms, which is inher-
ently temperature-dependent owing to its temperature-
sensitive resistivity (TSR). To ensure precise output, the
TSR of TEG is integrated over the temperature gradient
(AT) across the TEG. Load resistance, Ry is usually
determined by the specific application and the desired
operating point of the TEG. In practical scenarios, Ry,
is measured directly using standard electrical measure-
ment techniques. Maximum power is attained when
Rp = Rtgg, which is the well-known impedance match-
ing condition. Deviations from this condition lead to
decreased power output. To optimize TEG performance,
systems must maintain a large AT and utilize materials
with low Rtgg and high «p, [8]. Humidity alters heat
transfer and produces condensation on TEG modules,
which lowers AT. While moisture-induced corrosion
damages material integrity and raises Rtgg, moist air’s
varying thermal characteristics affect cooling efficiency
[9].

Humidity less impacts the TEG efficiency (571gg) than
that by Seebeck effect. However, if humidity affects the
cooling or heating elements of the TEG (such as through
condensation or heat transfer efficiency), it can indirectly
impact its overall performance. Thus,

T
T X ZTMaterial (8)
avg

NTEG =

where, AT refers the temperature gradient across the
TEG, T,y is the average temperature, and ZTmaerial
denotes the figure of merit of the TEG material and is
dimensionless [45].

The total power-voltage efficiency (17py.Tgg) of a hy-
brid PV-TEG system is given by,

npvreG (H) = npy (PV) + 516 [1 = LR(H)]  (9)

where, Lh(H) is a loss factor that reflects the indirect
effects of humidity on TEG performance [46].
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2.3 Flowchart of the proposed MPPT

To enhance the power extraction efficacy of the hybrid
system, the proposed MPPT methodology incorporates
relative humidity as a critical factor alongside solar
insolation and temperature. The P&O algorithm tracks
changes in output power by gradually adjusting the
actuating quantity, i.e., voltage or current. If power
increases, the adjustment continues in that direction;
if power decreases, it reverses direction. If the power
output remains constant, the algorithm keeps the voltage
unchanged. The procedure of the P&O based MPPT
for the PV-TEG system incorporating humidity effect is
demonstrated with a flowchart in Fig. 1.

The P&O-MPPT algorithm is popular in real-world
applications, particularly in small-scale or residential
applications due to its low cost, simplicity, and reliable
performance in stable conditions [41]. The present study
employs this algorithm because of the aforesaid bene-
fits; and highlights its effectiveness with a comparative
analysis with other methods in section 4.

PV Parameters

Calculate
Protat =Ppv + PG

'

Temperature and Humidity Correction

I

Power Output
Prota1(H) =Ppy(H) + Prgc (H)

{

AP=Proa - PTotal(H)

| }

AP >0 AP<0

! I
’ Update Duty Cycle }47

Stability of MPP

Figure 1. Flowchart of P&O based humidity adaptive MPPT for
PV-TEG system.

3. Experimental set-up and SIMULINK
model

The model in Fig. 2 illustrates a hybrid energy system
combining PV and TEG technologies. The PV system
captures solar energy, while the TEG converts thermal
gradients into electricity. The model optimizes perfor-


https://doi.org/10.57647/j.mjee.2025.17717

170

Roy et al., Majlesi J. Electr. Eng., 2026, 20(2)

Temperature+
Humidity sensor

DC-AC

Converter Lol

Driver
Circuit

i

Controller

Control

Figure 2. Hybrid PV-TEG model with humidity sensor and controller.

mance by analysing current, voltage, and power outputs.
TEG outputs have been tested across 100 modules with
varying temperatures and Seebeck coefficients. PV out-
puts are measured by adjusting solar irradiation and
panel temperature with and without humidity effect.

The power from PV and TEG are added and transferred
to the DC-DC converter. Temperature and humidity
sensors continuously monitor the ambient conditions.
These sensors provide signals to the MPPT controller,
which adjusts the duty cycle of the converter. The output
of the converter is sent to an inverter to supply AC power
to the load.

Figure 3 shows the SIMULINK model of the proposed
PV-TEG system. It comprises of a PV array, a TEG
subsystem, a DC-DC boost converter, a resistive load,

Gotof

From3 PWM Generator
)

o7

and a P&O-MPPT controller. The P&O-MPPT frame-
work dynamically modifies the duty cycle to track the
optimum power point by using real-time V-1 measure-
ments from the PV array. This duty cycle regulates the
boost converter’s IGBT switching, which improves the
PV voltage while smoothing the output using an inductor
and capacitor. After that, a resistive load receives the in-
creased DC power. The system has measurement blocks
for power, voltage, and current monitoring and scopes
that display time-domain responses. For scalable and
modular simulation, subsystems stand in for separate PV
modules. Effective solar energy harvesting is made pos-
sible by this arrangement, which also exhibits dynamic
adaptation through MPPT in a range of environmental
conditions. Table 1 summarizes the specifications of the

(DC-DC

ey

=
RGPV [ 1GET/Dicde ZEJ =
T
E
I T—

‘oltage Gotad

U }F Messurament
Fromig | P
gy e — (a) PV Subsystem
From11 P& MPPT
(b) P&O MPPT Controller
E Th A B »—-D ‘output current
I Fromé
: Current SELE .
A (9 Display block
- - = —D ‘output voltage
— UDSj'E‘E'ﬂ- Rtl(ﬂd) e
I LalTh e
- R oS Smpa‘l:]
Module Number

Subsystem-2

{d) TEG Subsystem

Figure 3. SIMULINK model of the P&O-MPPT controlled PV-TEG system under study.
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Table 1. PV-TEG system components specification [47].

Subsystems

Specification

PV

TEG

Nominal Maximum Power (Ppax):50 Watts; Vet 21:9 V; I 3:02 A; Voltage at
Max. Power (V;;,,): 17:96 V; Current at Max. Power (I,,): 2:87 A; Max. System
Voltage: 1000 V; Area of the PV panel: 0:3024 m?; FF: 0:77

Hot Side Temperatures: 25 °C and 50 °C; Qmax: 50 (at 25 °C) and 57 (at 50 °C);
ATax: 66 °C (at 25 °C) and 75 °C (at 50 °C); Iax: 6:4 Amps for both temperatures;
Vinax: 14:4 Volts (at 25 °C) and 16:4 Volts (at 50 °C); Module Resistance: 1:98
Ohms (at 25 °C) and 2:30 Ohms (at 50 °C); Seeback Coefficient: 53 mV/K; Figure

of Merit (ZT): 0:7

DC-to-DC  Input: 12 V; Output: 24-0-24 V, Current: 10 A

Converter

DC-to-AC  Battery capacity: 220 mAh; Input Voltage (max): 25 V; Output power (max): 165

Inverter W; Frequency: 50 Hz.

subsystems used in model.

The control strategy presented in this work optimizes
energy delivery from the PV-TEG hybrid system by em-
ploying a modified P&O MPPT algorithm integrated
with HDF. This approach allows the controller to dynam-
ically change with environmental variables, particularly
RH. Instead of managing the PV and TEG units sep-
arately, the system focuses on their combined power
output. The modified MPPT logic identifies the optimal
voltage operating point for the entire array, allowing
effective tracking of the MPP under varying conditions.
This approach incorporates environmental feedback into
the MPPT loop without adding complexity, ultimately
enhancing energy yield.

4. Result and discussion

The simulation results of the case studies performed
in the PV-TEG system using the proposed humidity
adaptive P&O- MPPT controller have been discussed
in this section. The correlation of humidity with the
PV-TEG system’s performance parameters is analysed
using linear regression. The outcomes of the analysis
are categorized as follows:

(a) Effects of solar irradiance, temperature, and relative
humidity on system performance

(b) Statistical analysis for the HDF integrated P&O-
MPPT controlled PV-TEG system

(c) Performance analysis considering shading effect
and humidity

(d) Comparative analysis of present study with existing
literature

Figure 4 shows how solar irradiation impacts the out-
put voltage of all three systems. Increased radiation
leads to higher photon absorption, which generates more
electron-hole pairs and results in greater current flow.
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Additionally, this increase in radiation raises the tem-
perature deviation in the hot and cold section of the
TEG, thereby boosting the output voltage. Consequently,
the combined PV-TEG system demonstrates improved
performance, with the voltage rising from 16 V to 39 V
as radiation levels increase.

gl

523 650
Solarirradiation (W/m?)

45
40

Output Voltage (V)
= s e
o ot © th © h

= th

PV Voltage MTEG Voltage ®PV+TEG Voltage

Figure 4. Effect of solar irradiance on output voltage.

Similarly, Fig. 5 justifies that the increase in solar radi-
ation leads to enhanced output power for all three systems.
The hybrid PV-TEG system delivers more power than
the two individual systems at different irradiance levels.
In Fig. 6, it is evident that an increase in solar irradiation
enhances the efficiency of PV systems by 6.9%. How-
ever, the elevated temperatures lead to thermal losses,
which consequently decrease the efficiency of the TEG
by 12%. This reduction has a further impact, resulting in
an overall decrease in the efficiency of the hybrid system
by 9%.

This data highlights the critical interplay between solar
energy capture and thermal management in optimizing
system performance. Although higher temperatures de-
crease efficiency, PV power output increases significantly
from 40 W to 177 W as solar irradiation increases, with
voltage increasing to 3.75 mV per W/m?. Rising temper-
atures in the hybrid PV-TEG system boost TEG output
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Figure 5. Effect of solar irradiance on output power.

but also result in thermal losses, requiring the use of

thermal management techniques like fins, heat sinks etc.

to maintain system performance.

50
g 40
=
X 30
=
o 20
—]

0

523 650 825

Solal irradiation (\WmZ)
E PVEfficiency @ TEG Efficiency M PV+TEG Efficiency

Figure 6. Effect of solar irradiance on efficiency.

Figure 7 demonstrates the effect of RH on the system’s
output voltage. It shows a drop in voltage from 29 V
to 12 V for the PV system and from 5 V to 3 V for the
TEG. The TEG voltage remains relatively stable, as RH
has minimal impact on thermal conductivity within the
hybrid system. Overall, the voltage reduced by 23 V
with an increase of 20.5% in RH, primarily due to the
fall in PV performance.

65.2 75.7 77.0 80.9 85.7
% Relative Humidity
HPV Voltage HETEG Voltage &PV+TEG Voltage

50

40

30
2

=]

Output Voltage (V)
(=
5

=]

Figure 7. Effect of relative humidity on output voltage.

Figure 8 indicates that an increase in RH lowers the
system’s output power. This decrease is attributed to
the increased atmospheric absorption and scattering of
light caused by higher RH levels. While the total power
of the PV-TEG hybrid system shows a declining trend,
its output power remains greater than that of the two
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standalone systems. The efficiency of PV is reduced by
7%, while TEG efficiency increases by 17%. For the
hybrid system, the efficiency enhancement is seen as
12%, as shown in Fig. 9.

.

652 673 757 77.0 809 857

% Relative Humidity
mEPVPower mTEG Power wmPV+TEGPower

200

-
th
[=]

10

=

Output Power (W)
n
(=]

=

Figure 8. Effect of relative humidity on output power.
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mPV Efficiency BTEG Efficiency WPV+TEG Efficiency

Figure 9. Effect of relative humidity on efficiency.

Figure 10 says that the voltage increase in the PV
and TEG are 17 V and 3 'V, respectively, with the rise
in ambient temperature. In this hybrid system, the
voltage increase is 23 V. It has been found that when the
temperature rises above 35 °C, it negatively impacts cell
temperature, thereby adversely affecting voltage output.
However, when temperatures remain below 35 °C, the
voltage increases gradually as the cell temperature stays
within the nominal operating range [4]. However, in

g

Ambient Temperature (°C)
EPV Voltage HTEG Voltage dPV+TEG Voltage

Ouput Voltage (V)

Figure 10. Effect of temperature on output voltage.
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Fig. 11, the output power increases as follows: for the
PV system, it rises from 29 W to 150 W; for the TEG, it
increases from 11 W to 27 W; and for the hybrid system,
the power goes from 40 W to 177 W.

200
180
160
140
120

80 ‘
60
40
20
29 30 31 31 33 34

Ambient Temperature (°C)

Output Power (W)
=
(=]

HPV Power HWTEGPower MPV+TEG Power

Figure 11. Effect of temperature on output power.

Figure 12 shows the relationship between efficiency
and ambient temperature. Efficiency initially increases
with temperature but declines after reaching an optimal
level for all three systems. This decline is due to higher
temperatures raising cell temperature, which negatively
affects efficiency. The PV-TEG hybrid system achieves
higher efficiency than the standalone setups, peaking at
31 °C.

m PV Efficiency  mTEG Efficiency PV+TEG Efficiency

il

Ambient Temperature (°C)

- W A
I

Figure 12. Variation in system’s efficiency with ambient temperature.

Table 2 presents the statistical analysis of the system’s
performance parameters under diverse environmental
constraints. It demonstrates that incorporating RH into
the MPPT control strategy significantly influences the
hybrid system’s performance. By integrating a HDF
into the power estimation and tracking process, the
system more accurately reflects real operating conditions,
leading to improved efficiency.

Linear Regression [48] is used in this study to analyze
the relationship between efficiency with and without the
humidity factor in the proposed PV-TEG model. For
the regression analysis, 1200 data have been prepared
by taking the average solar insolation data from 2009
to 2024 (from January to December in kW/m?) for the
location (Latitude 26.133417 degrees and Longitude
91.621620 degrees). The global insolation data has been
obtained using the ISRO Solar Calculator Application.
The maximum and minimum temperatures of the PV
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and the TEG are taken from the average maximum
and minimum temperature of the same region from
January to December from 2009 to 2024 using the
same application. The computational time for statistical
analysis, including regression modelling over 1200 data
points, is found to be less than 200 ms. This indicates
that the environmental correlation analysis and predictive
performance evaluation are computationally light and
appropriate for embedded applications.

To use linear regression, the PV-TEG output power,
solar insolation, and HDF have been taken as the indepen-
dent variables, while the hybrid system efficiency with
and without the HDF are taken as the dependent parame-
ter. The findings show that while PV output decreases
with higher humidity, the TEG can partially compen-
sate by harvesting waste heat, resulting in a net gain in
hybrid system’s efficiency. This highlights the impor-
tance of environmental-aware control algorithms. Future
PV-TEG systems can be optimized by adopting similar
adaptive MPPT strategies that account for temperature,
humidity, and irradiance, enabling more precise power
tracking, better energy yield, and enhanced performance
under diverse and dynamic environmental conditions.

The importance of the independent parameters on the
dependent parameters has been tested using ANOVA
(Analysis of Variance). Since the regression test has
given two significant parameters only i.e. the solar in-
solation and HDF, the one way and two-way ANOVA
tests have been employed. The one-way ANOVA test is
used to determine the correlation of the Solar insolation
with the Hybrid efficiency with humidity factor. It is ob-
served that the hybrid efficiency has positive correlation
as the p-value is 3.06 x 10~!7 from the Shapiro test for
residuals and with the highest significant codes. Again,
to test whether there is an interaction of hybrid efficiency
with solar insolation and humidity, the two-way ANOVA
test was performed. The test underlines that both solar
insolation and humidity factor have a high correlation
with the hybrid efficiency with the p-value 2.2 x 1071
and F-value of 70002 and 118794 for solar insolation
and HDF. The Shapiro-test for residuals gives p-value
of 1.42 x 10713, From the two-way ANOVA test, an
interaction test was performed to test whether there is
correlation between solar insolation and humidity factor.
The interaction test has a p-value lower than 2.2 x 10716,
conclude that there is a strong correlation between these
two independent factors, which in turn contributed to the
strong correlation between the ‘hybrid efficiency with
humidity factor’, and the ‘solar insolation and HDF’.

The linear regression of the hybrid efficiency without
HDF shows that there is no correlation of humidity,
the maximum power of PV and TEG for the dependent
variable i.e. hybrid efficiency with HDF. This means
that these two parameters act independently. Although
humidity does not have a corelation with the hybrid
efficiency and power, it does show a strong corelation
when humidity is combined with solar insolation. The p-
value is less than 2.2x 1076, The RMSE value is 0.00147
and the R-squared value is 0.98345. Since no correlation
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Table 2. A statistical analysis of results under diverse operating scenarios.
2 - 3

g T B £

,:g o E - 8 _ PV Efficiency (%) 8 TEG Efficiency (%) PV-TEG Efficiency (%)
Parameters s £ =2 g . ) D 2 ) ] ) ]

= % = ) Without With &= Without With Without With

‘—g % 5 Humidity ~Humidity & Humidity Humidity Humidity = Humidity

n ~ = =
Minimum value 95.0 60 51.6 9.8 1.9 459 8.7 1.7 18.5 3.7
Median value 148.0 70 51.6 10.5 3.5 459 9.2 24 19.9 6.7
Mean value 133.9 70 51.6 11.9 3.6 459 9.4 3.2 22.7 6.8
1% Quadrant 125.0 65 51.6 10.3 2.7 459 10.7 3.2 19.6 5.1
37 Quadrant 150.8 75 51.6 12.5 4.1 45.9 11.1 3.7 23.6 7.8
Maximum value  159.0 80 51.6 16.4 6.6 459 14.6 5.8 31.0 12.4

is shown by the humidity with the dependent parameter,
only the one-way ANOVA test was carried out between
the hybrid efficiency without humidity and the solar
efficiency. The said test informs that there is a strong
correlation of the solar insolation and the dependent
parameter, having the p-value less than 2.2 x 10716,
The Shapiro test for residuals gives the p-value to be
1.5%x107%,

Based on the regression model analysis of the 1200
data (prepared by taking the average solar insolation
data from 2009 to 2024 in kW/m?), partial irradiance’s
impact on the efficiency of the hybrid PV-TEG system is
examined with and without humidity factor. The shading
percentages in the test are 20%, 40%, 60%, and 80%,
alongside a relative humidity (RH) level of 40% and 80%.
Since there is no correlation between the maximum out-

put power of the PV system and TEG with the efficiency
of the hybrid PV-TEG system under humidity conditions,
these two factors have been excluded from this analysis.
The predicted efficiencies, elucidated in Table 3, provide
a clear visualization of how partial shading and varying
RH levels differentially influence the operational effi-
cacy of the hybrid system. This articulation enables a
better understanding of the intricate dynamics inherent
in the hybrid PV-TEG design and lays a foundation for
future research endeavours aimed at optimizing system
performance across diverse environmental conditions.

Table 4 provides a comparative analysis of the pro-
posed humidity-adaptive P&O-MPPT algorithm along-
side several pertinent methodologies. It shows that the
Roach Infestation Optimization (RIO) [26] algorithm
outperforms others in efficiency, convergence speed, and

Table 3. Efficiency of the hybrid PV-TEG system with shading effect.

Shading So.lar. Efﬁciency Without Eﬂ‘iciency'w.ith Eﬁiciency‘w‘ith
Percentage Irradlat;on humidity 40% humidity ~ 80% humidity
(W/m?) (%) (%) (%)
104.8 23.20 21.20 18.60
20 86.4 21.40 19.40 16.80
80.0 19.80 17.80 15.30
78.6 18.10 16.10 13.60
40 64.8 16.50 14.40 12.20
60.0 14.90 13.00 10.70
524 13.20 11.50 9.30
60 432 11.70 10.20 7.90
40.0 10.50 8.60 6.80
26.2 8.30 6.90 5.20
80 21.6 6.90 5.60 4.30
20.0 6.20 5.00 3.80
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Table 4. Comparison of present algorithm with the alternative methodologies.

Algorithm Efficiency (MPPT) Tracking Oscillations/Stability Robustness (PSC, Source
Time/ Convergence Load, Noise)
P&O with Humidity 97 - 98%  of Slow inrapid chang- Medium (someoscil- Medium (sensitive Present study
Derating Factor true  MPP (field- ing scenarios lation) to humidity, not par-
averaged) Hybrid tial shading condi-

efficiency more than
12%

tions (PSC))

Metaheuristics Up t0 99.5% (varies  Varies (Fast for Medium to low High (Metaheuris- [24]
(PSO,GA,AOA) by type) PSO/GA/AOA) tics best under
PSC/NTD)

Modified Adaptive The MAJO algo- Rapid convergence Minimizes oscilla- Robust performance [27]

Jaya Optimization rithm enhances to the Global MPP, tions around the wunder PSC and

(MAJO) tracking efficiency due to the adaptive =~ MPP, ensuring a sta- varying load sce-
by dynamically  nature of MAJO ble and consistent narios. Ensures
adjusting its parame- power output. consistent tracking
ters performance in

environmental
disturbances.

Bio-Inspired HHO and GWO Faster convergence Both HHO and Robustness to vary- [29]
achieve higher effi- to the Global MPP, GWO minimize ing irradiance and
ciency than P&O, ef- reducing the sys- oscillations around temperature condi-
fectively trackingthe tem settling time the MPP, ensuringa tions,

Global MPP under after environmental stable and consistent
varying conditions changes. power output
RIO (Roach Infesta-  99.19% (uniform) ~ 58 ms (fastest in ~ Very low (most sta- Very high (PSC, [30]

tion Optimization) 99.86% (PSC) group) ble) noise, load varia-
tion)
Fuzzy Logic High and stable effi- Fast convergence to  Very low oscilla- Robust performance [32]
ciency from startup MPP tions around the wunder load variation
to steady-state. Out- MPP and temperature step
performs P&O and changes
Incremental Resis-
tance (INR) methods
GEPSO 99.90% 0.29s-0.57s Very low (smooth, High (handles PSC, [49]
fast settling) temperature shifts)
Mismatch analysis Not evaluated Not applicable Not applicable Emphasizes need for  [50]
robust MPPT
ANFIS 98.34% Moderate to fast Stable Robust to environ- [51]

mental changes

robustness. GEPSO [49] also demonstrated high effi-
ciency (99.9%) and stable performance under dynamic
conditions, though slightly slower than RIO.

The proposed humidity-adaptive MPPT algorithm
based on P&O framework achieves convergence within
0.03 seconds per iteration with a total simulation run-
time of 12.4 seconds for a full 24-hour environmental
profile. It has moderate convergence speed; however, it
is significant and novel because it dynamically modifies
the operating point in response to real-time humidity
variations, which are known to affect PV module perfor-
mance due to their effect on temperature regulation and
surface condensation, in contrast to conventional meth-
ods that assume fixed environmental conditions or limit
adaptations to irradiance and temperature. In addition
to increasing field-averaged efficiency to 97 — 98%, the

¢ https://doi.org/10.57647/j.mjee.2025.17717

present approach outperforms standard P&S in hybrid
system applications by more than 12%. Traditional meth-
ods like P&O with a humidity factor improve adaptability
but lag in speed and accuracy.

Therefore, there exists a potential avenue for future
research to develop more streamlined controllers that
achieve greater speed and enhanced accuracy through
the adoption of alternative algorithms. The outcomes
of the present study are anticipated to significantly con-
tribute to further research in hardware validation and
real-time adaptation to varying loads and diverse climatic
conditions. Future studies may also emphasize the sig-
nificance of integrated thermal management strategies,
such as phase-change materials and advanced cooling
techniques to reduce thermal losses and enhance overall
system efficiency.
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5. Conclusion

In this paper, a hybrid PV-TEG system that incor-
porates a humidity-adaptive traditional P&O based
MPPT algorithm is presented. In order to compensate
for environmental losses that conventional irradiance-
temperature models lack the ability to compensate for,
the proposed method adds a simple humidity derating
factor (HDF) that dynamically modifies the duty cycle
response based on relative humidity. In comparison
to traditional P&O, the suggested method achieves up
to 12% higher energy yield, with tracking efficiency
approaching 98%, as shown by simulation results across
a range of climatic scenarios (irradiance 200 — 1000
W/m?2, temperature 20 — 45 °C, and relative humidity
30 — 90%). Additionally, the algorithm converges to the
MPP in 0.4 seconds under standard test disturbances,
maintaining a minimal computational footprint suitable
for implementation on affordable microcontrollers. The
humidity-compensated P&O achieves a practical bal-
ance between accuracy, speed, and hardware viability in
contrast to more intricate approaches like Incremental
Conductance and metaheuristic techniques like PSO.
Because humidity-induced losses are not negligible in
tropical and subtropical climates, it is therefore ideal for
small-scale or embedded PV systems but slow transient
behaviour of this method is one of the limitations.
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