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Abstract: The use of photovoltaic (PV) panels has increased rapidly in the last few years and as a
result has become one of the main sources of renewable energy. In this context, it is important to
understand in detail how a PV panel reacts to different environmental conditions and how these
affect total performance. An experiment has been designed to investigate the performance of a
PV panel under various highly non-uniform temperature and irradiance profiles, generated by
artificial lighting. Measurements of irradiance and temperature distribution are related to measured
I–V curves and used as input to the five-parameter model. The results show the limitations of the
model to emulate the PV response under such extreme conditions and provide useful insights about
the effect of the temperature profile on the PV performance.

Keywords: photovoltaic generator; non-uniform solar irradiation; non-uniform temperature distribu-
tion; incidence angle; single-diode model; photovoltaic surface temperature imaging

1. Introduction

The increasing demand for energy, coupled with the finite resources of non-renewable
fuels like coal, oil, and natural gas, has prompted a global shift towards more sustainable
and efficient energy practices. This transition is also driven by the urgent need to reduce
carbon dioxide (CO2) emissions and mitigate the impacts of climate change [1]. Renewable
energy sources (RES), such as solar, wind, hydrothermal, tidal, and biomass, are regarded
as eco-friendly, environmentally sustainable, and practically limitless [2]. Photovoltaics
(PV), despite their intermittent operation, remain one of the most competitive choices for
higher RES penetration since geothermal is limited in nature. Among these three, solar
energy holds the greatest worldwide potential, as geothermal sources are confined to
specific locations and the availability of biomass is not universally prevalent in nature [3].
The abundance of solar energy surpasses global energy requirements, and its availability
extends, to varying degrees, across every nation on the planet [4]. Converting solar radia-
tion directly into electrical energy eliminates the emission of pollutants during operation,
consequently mitigating global warming. The significant decline in PV module costs and
the concurrent rise in petrochemical fuel prices have stimulated the widespread adoption
of PV systems [5]. The word “photovoltaic” pertains to the process by which solar energy
is transformed into electric energy through a solar cell [6]. The solar cell operates on the
principle of a p-n semiconductor junction. Its power output is directly proportional to the
solar irradiation it receives. Conversely, the power output declines as the temperature of the
solar cell increases [7]. The substantial expansion of the PV industry and the proliferation
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of installed PV systems globally have underscored the requirement for enhanced monitor-
ing and simulation tools. Hence, modeling these systems under diverse operational and
meteorological conditions is imperative [5]. The modeling of PV cells and plants is useful
both for providing insight and understanding the factors determining and optimizing their
output as well as for providing useful tools for their design and optimal control [8]. For the
simulation of the operation of specific PV panels, certain features need to be determined
through identification techniques utilizing data obtained in the laboratory or supplied by
the manufacturer.

A well-known class of models relying on the PV phenomenon and p-n junction
models are the single-diode models (SDM), dual-diode models (DDM), and triple-diode
models (TDM). They all model the response of the PV cell, which is the building block of
a PV panel. They use solar irradiance (in W/m2) and temperature (in K) as inputs and
yield the output DC I (in A) under specific loading conditions (in V). Among these, SDM
distinguishes itself by its effective performance and uncomplicated nature. It involves
a light-dependent DC source to model the p-n junction response, and a single-diode
alongside two resistances, one in series (Rs) and the other in parallel (Rsh) to model the
losses. SDM encapsulates a collective sum of five parameters, namely the photocurrent
IL, the diode ideality factor n, the reverse saturation current I0 and the loss of resistances
Rs and Rsh offering a balance between performance and simplicity. DDM sets itself apart
from SDM by introducing a second diode, consequently increasing the parameter count
to seven. This increase in the number of parameters enhances the model accuracy, albeit
at the cost of greater complexity. TDM is acknowledged as the most intricate model
due to its incorporation of triple diodes, which emulate the behaviors of specific cell
types. Employing TDM necessitates considerable computational resources to compute a
total of nine distinct parameters [8,9]. As already mentioned, the solar cell serves as the
fundamental cornerstone of any PV power system. It occupies a relatively small area of
a few cm2 and can generate around one watt of power under standard conditions. To
attain increased power outputs, tens of these cells are connected series and/or parallel thus
constituting a panel whose area is in the order of m2 [10]. For higher power yields, the
panels are interconnected both in series and parallel arrangements, forming arrays [11].
PV systems are scalable and have the flexibility to connect to low or medium-voltage
distribution networks and they are classified into three primary size categories depending
on their installed capacity: small (1 up to 1000 kWp), medium (1 to 100 MWp), and large
(above 100 MWp) [12].

It is well established that the performance of PV panels depends on the power density
or solar irradiation G and the temperature T on the surface of the panel as well as on the
air mass AM traveled by the sunlight through the Earth’s atmosphere [13,14]. Notably, the
diode models disregard the impact of AM on their calculations. Recent existing papers
in the literature focus on the identification of SDM parameters via software simulation
with new improved methods [15,16] via outdoor experiments [4,17–23] or both [24] in the
morning and afternoon which are the hours of the day that PV does not operate under the
STC conditions.

The motivation behind the experimental and modeling work presented here is the
limitations of the available models to accurately simulate the PV operation under realistic
atmospheric conditions. The density of the atmosphere in terms of clouds, aerosols, gases,
and relative humidity can introduce large uncertainties to the PV operating conditions in
terms of temperature, panel material, dust deposition, shadowing, etc. In this direction,
the modeling of PV cells under laboratory-controlled operating conditions, is necessary
for further outdoor experiments, especially for distributed PV in energy communities,
where the electricity handling entities need precise production level estimations for efficient
energy management, planning, and optimization procedures. This study intends to act
as a basis for further modeling experiments to unravel the complexity of the atmosphere
(e.g., hot spots (see [1–13] and references therein)) and surface (e.g., at urban environments)
where the deployments at rooftop level are highly affected by shadowing effects on PV
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operation and energy production levels (e.g., using Earth observation data sources and
methods) and the real operating conditions using the experimental findings as reference
values for precise and reliable model estimations at any solar system scale.

This work presents the performance of the five-parameter PV cell model for vari-
ous irradiance and temperature combinations against experimental measurements under
controlled conditions in the laboratory. An investigation was carried out involving the
adjustment of PV panels to varying inclinations ranging from 0 to 9 degrees, while also con-
sidering different levels of lighting conditions. Furthermore, a simulation was conducted
to establish the basis for comparison. The structure of the paper is as follows: Section 2
describes in detail the methodology and materials used to conduct the experiment and
study the PV operation in various irradiance conditions. Section 3 includes the results of
irradiance measurements displayed in 3D visualization graphs of the PV module surface
for different inclinations and irradiance levels, thermal camera snapshots of the PV surface
under exposure to artificial lighting, I-V, and P-V curves, both measured and simulated.
The results are discussed in Sections 4 and 5 summarizes the main conclusions.

2. Materials and Methods
2.1. The Five-Parameter PV Cell Model

The five-parameter PV cell model is based on the circuit equivalent of Figure 1. It
consists of a DC source generating the photocurrent IL, a p-n junction, representing the
semiconductor response of the PV cell, and two internal ohmic resistances, one series and
one shunt which represent operating losses. The output of the DC source depends on the
irradiance G of the cell and the temperature T on the surface of the cell. Its output of the p-n
junction is a function of the properties of the semiconductor material used, the temperature,
and the voltage applied at the p-n junction, i.e., the loading of the cell. The output current I
is the difference between the photocurrent IL, the current ID drawn by the diode and the
ohmic losses represented by the shunt resistor Rsh

I = IL − ID − Ish (1)
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The DC photocurrent IL depends on the irradiance G and the temperature T on the
surface of the cell:

IL =
G

GSTC
[ISC + KI(T − TSTC)] (2)

where GSTC and TSTC are the irradiance and temperature in STC, 1000 W/m2 and 25 ◦C,
respectively, and ISC represents the short-circuit current in A, measured at STC. KI is the
short-circuit current coefficient in A/◦C. All parameters are specific to a given panel and
supplied by the manufacturer.
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The current drawn by the diode ID is given by:

ID = Is

{
exp[

q(V+IRs)
nkT ] − 1

}
(3)

Is = I0

(
T

TSTC

)3
exp

 qEG

(
1

TSTC
− 1

T

)
nk

 (4)

where Is represents the p-n junction’s saturation current in A, V represents the output
voltage in V, n is the diode ideality factor which varies between 1 and 2 and T is the
p-n junction temperature in K. I0 is the reverse saturation current and EG is the band
gap energy of the p-n junction. k = 1.3806 × 10−23 J/K is the Boltzmann constant and
q = 1.602 × 10−19 ◦C is the charge of the electron. Voc is the open circuit voltage in V, and
Rsh is the shunt resistance in Ω.

The shunt resistance current Ish is given by:

Ish =
V + IRs

Rsh
(5)

It is worth noting that if the parallel resistance Rsh is sufficiently greater than the load
resistance that can be connected to the ends of the model and the series resistance Rs is
sufficiently less than the load resistance, then the losses just mentioned may be considered
negligible.

The power output P, in W, of the PV cell is calculated as P = VI. The power output is
zero at V = Voc where I = 0, and I = Isc where V = 0. Consequently, there exists a specific
pair of current and voltage values, Imp and VImp, respectively, where the output power
is maximized, Pmax = Vmp Imp. This combination is known as the Maximum Power Point
(MPP) and denotes the ideal operational point of a PV cell and is a crucial parameter for PV
system design and performance optimization. Equations (1)–(5) describe the model used
for the calculations shown below.

2.2. Lab Measurements of PV Module Outputs (Voltage, Current and Irradiation)

The experiment was conducted using the infrastructure of the Renewable Energy
Sources Laboratory, NKUA—Euripus Complex which consists of a PV panel and an array
of 14 lamps as shown in Figure 2. The inclination of the panel with respect to the lamp
array may be controlled and is varied from 0.0◦ to 9.0◦. The distance between the PV panels
and the lamps at 0.0◦ inclination is 0.5 m. The specifications of the solar panel and lamps
used are given in Tables 1 and 2.

The lamps are arranged in a 7 × 2 matrix. The series of measurements are repeated
for two arrangements: (1) All lamps are on (2) The lamps alternately lit, as shown in the
diagrams below (Figure 3), to emulate shading.

A variable resistor was connected to the panel output to control the output voltage
V, as shown in Figure 4. The voltage V and current I of the load were measured as shown
by two multimeters with specifications as shown in Table 3. The voltage varied from 0 to
31.2 V with a step of 0.5 V.

The temperature on the surface of the panel was measured at the top-left and bottom-
right corners using T-type thermocouples whose specifications are shown in Table 3.

The irradiance was measured for both lamp arrangements at the center of each cell for
all 60 cells using an ISO9060:1990 [25]. First Class certified pyranometer combined with a
data logger whose specifications are shown in Tables 4 and 5, respectively. The I-V curves
were obtained for the two lighting schemes as shown in Figure 3 and three inclinations
ϕ = 0.0◦, ϕ = 4.5◦, ϕ = 9.0◦. After every set of measurements, the temperature of the PV
module surface was captured by a thermal camera whose specifications are shown (Table 6).
The P-V curves were computed from the 6 I-V curves measured using the methodology
described.
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Table 1. PV module technical specifications according to manufacturer.

PLM250P-60

Technology Polycrystalline
Pmax 250 W
Vmp 31.73 V
Imp 7.88 A
Voc 37.58 V
Isc 8.49 A

Cells 60
Cell Efficiency 17.64%

Module Efficiency 15.27%
Output per m2 152.74 W/m2

Table 2. Specifications of sunlight simulator lamps.

Ultra Vitalux 300 W

Nominal Wattage 300.0 W
Nominal Voltage 230.0 V

Lamp Voltage 230.0 V
Construction Voltage 230.0 V
Radiated Power UVA 13.6 W
Radiated Power UVB 3.0 W

Diameter 127 mm
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Table 3. Specifications of the T-type thermocouples.

T-Type Thermocouple

Temperature measurement range −328 to 400 ◦F (−200 to 204 ◦C)
Standard Accuracy +/−1.0 C or +/−0.75%

+Leg Copper
−Leg Copper-Nikkel



Energies 2023, 16, 6322 7 of 20

Table 4. Pyranometer technical specifications.

Pyranometer CMP6

Spectral range (50% points) 285 to 2800 nm
Sensitivity <3%

Response time 18 s
Maximum solar irradiance 2000 W/m2

Temperature response
(−10 ◦C to +40 ◦C) <±4%

Zero offset <±4 W/m2

Directional response (up to 80◦ with 1000 W/m2 beam) <20 W/m2

Table 5. Data logger technical specifications.

Meteon Data Logger

Analogue inputs 1 × bi-polar 16-bit
Input ranges 6.25 mV to 200 mV

Accuracy 0.1%
Operational temperature range −10 ◦C to +40 ◦C

Internal memory size 3518 samples

Table 6. Thermal camera technical specifications.

Thermal Camera

IR Resolution 160 × 120 pixels
(25,600) measurement points per image

Spatial Resolution 2.72 mrad
Thermal sensitivity <0.1 ◦C

Object temperature range −20 ◦C to +250 ◦C
Spectral range 7.5–13 µm

Minimum focus distance 0.4 m
Image frequency 60 Hz

Accuracy ±2 ◦C or ±2% of reading

3. Results
3.1. Temperature and Irradiance Distribution Measurements

For each inclination and lighting Arrangement, we display the results of the solar
irradiation distribution on the panel’s surface as measured by the pyranometer and the
temperature distribution as captured by the thermal camera.

We also provide the measurements used as input variables and parameters to the
5-parameter model. Namely:

- temperature T as measured by the thermocouple
- open voltage circuit, Voc
- short-circuit current, Isc
- the average irradiation, Gave

3.1.1. Arrangement 1: All Lamps Are Lit, Inclinations ϕ = 0.0◦, 4.5◦ and 9.0◦

The irradiance on the surface of the panel in the inclination ϕ = 0.0◦ (Figure 5) ranges
from 422 W/m2 at the top-right cell to 1223 W/m2 in one of the middle cells which is directly
underneath the lamp. In this inclination, the PV panel receives the highest irradiation
as it is parallel to the matrix of the lamps. The measurements used in the simulations of
the next section are: Voc = 34.00 V, Isc = 3.40 A, T = 51.5 ◦C, Gave = 800.55 W/m2. The
PV panel is positioned at an inclination ϕ = 4.5◦ (Figure 6) in which irradiance on the
surface ranges from 450 W/m2 at the bottom-left cell to 986 W/m2 in one of the middle
cells which are directly underneath a lamp. As can be easily understood in this scenario,
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the irradiance is lower than ϕ = 0.0◦ and higher than the angle of 9.0◦. The measurements
used in the simulations of the next section are: Voc = 33.50 V, Isc = 1.83 A, T = 45 ◦C,
Gave = 681.05 W/m2. Lastly, the irradiance incident in the panel for the inclination ϕ =9.0◦

(Figure 7) ranges from 390 W/m2 in the bottom-left cell to 837 W/m2 in one of the top-right
cells. The measurements used in simulations are: Voc = 28.80 V, Isc = 1.60 A, T = 43 ◦C,
Gave = 593.70 W/m2.
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Figure 7. Irradiance and temperature distribution on PV panel surface inclination ϕ = 9.0◦, Arrange-
ment 1 (a) 3D graph of irradiance distribution (b) temperature distribution captured by thermal
camera.

3.1.2. Arrangement 2: Lamps Alternately Lit, Inclinations ϕ = 0.0◦, 4.5◦ and 9.0◦

The second arrangement was used to study the effect of more intense variations
of the irradiance distribution. The irradiance incident in the panel for the inclination
ϕ = 0.0◦, (Figure 8) ranges from 177 W/m2 in the upper-left corner cell to 946 W/m2 in
one of the bottom-left cells. The measurements used in the simulations of the next section
are: Voc = 32.00 V, Isc = 2.00 A, T = 43 ◦C, Gave = 398.97 W/m2. For the inclination
ϕ= 4.5◦ (Figure 9) irradiance on the surface of the PV module ranges from 165 W/m2

in the same cell as the previous case to 742 W/m2 in one of the upper-right cells. The
measurements used in the simulations of the next section are: Voc = 29.50 V, Isc = 0.94 A,
T = 41 ◦C, Gave = 334.67 W/m2. In the third scenario in which the biggest inclination
ϕ = 9.0◦ (Figure 10), the irradiance on the surface ranges from 150 W/m2 in the upper-left
cell to 519 W/m2 in one of the upper-right cells. The measurements used in the simulations
of the next section are: Voc = 29.10 V, Isc = 0.89 A, T = 39.5 ◦C, Gave = 293.52 W/m2.

3.1.3. Summary Table of Measurements for All Cases

In Table 7, we summarize the measured values, Voc, Isc, T, Gave, for each case which
will be used in the following simulations. We also include the maximum, minimum, and
standard deviation of the irradiance values, Gmax, Gmin and Gsd, respectively.

3.2. Modeling and Simulation Results

The five-parameter model given in Equations (1)–(5) was implemented on GNU Octave
and identified for the STC parameters (Figure 11) of the manufacturer’s specifications
(Table 1). The values obtained for the two resistors were Rsh = 415.00 Ω and Rs = 0.22 Ω.
Next, two sets of simulated curves are presented and compared to the measured ones,
for each one of the six cases. Figures 12 and 13 display the measured I-V and P-V curves
compared against the simulated curves for all inclinations and arrangements. The G and
T values used are the measured ones. The Voc and Isc are the values provided by the
manufacturer.
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Figure 8. Irradiance and temperature distribution on PV panel surface inclination ϕ = 0.0◦, Arrange-
ment 2 (a) 3D graph of irradiance distribution (b) temperature distribution captured by thermal
camera.
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Figure 10. Irradiance and temperature distribution on PV panel surface inclination ϕ = 9.0◦ Arrange-
ment 2 (a) 3D graph of irradiance distribution (b) temperature distribution captured by thermal
camera.

Table 7. Summary table of measurements for all cases.

Arrangement 1 Arrangement 2

Angle 0.0◦ 4.5◦ 9.0◦ 0.0◦ 4.5◦ 9.0◦

Voc (V) 34.00 33.50 28.80 32.00 29.50 29.10
Isc (I) 3.40 1.83 1.60 2.00 0.94 0.83

T (◦C) 51.5 45 43 43 41 39.5
Gave (W/m2) 800.55 681.05 593.70 398.97 334.67 293.52
Gsd (W/m2) 207.47 144.95 115.16 161.05 106.12 72.29

Gmax (W/m2) 1223.00 986.00 837.00 946.00 742.00 519.00
Gmin (W/m2) 422.00 450.00 390.00 177.00 165.00 150.00
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Figure 11. I-V, P-V curve verification as calculated from the 5-parameter model for the panel specifi-
cations used in the measurements in STC (a) shows I-V curve, (b) shows P-V curve.
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9.0°(from top to bottom) (a,c,e) I-V curves and (b,d,f) P-V curves. 

   

(a)  (b) 

   
(c)  (d) 

   
(e)  (f) 

0

2

4

6

0 10 20 30 40

I(
A

)

VL(V)

Theoretical Experimental

0

50

100

150

0 10 20 30 40

P
(W

)

VL(V)

Theoretical Experimental

0

1

2

3

4

0 10 20 30 40

I(
A

)

VL(V)

Theoretical Experimental

0

50

100

0 10 20 30 40

P
(W

)

VL(V)

Theoretical Experimental

0

1

2

3

0 10 20 30 40

I(
A

)

VL(V)

Theoretical Experimental

0

20

40

60

80

0 10 20 30 40

P
(W

)

VL(V)

Theoretical Experimental

0

1

2

3

0 10 20 30 40

I(
A

)

VL(V)

Theoretical Experimental

0

20

40

60

80

0 10 20 30 40

P
(W

)

VL(V)

Theoretical Experimental

Figure 12. Experimental and simulated curves for Arrangement 1, inclinations ϕ = 0.0◦, ϕ = 4.5 ◦,
ϕ = 9.0◦ (from top to bottom) (a,c,e) I-V curves and (b,d,f) P-V curves.

Given the discrepancy observed between the measured and calculated curves, we
repeated the simulations (Figures 14 and 15) using the average measured G and T values,
as before, while the measured Voc and Isc were used instead, as shown in Table 7 for each
case. The simulated curves show smaller deviations than the experimental ones.
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Figure 13. Experimental and simulated curves for Arrangement 2, inclinations ϕ = 0.0◦, ϕ = 4.5◦,
ϕ = 9.0◦ (from top to bottom), (a,c,e) I-V curves and (b,d,f) P-V curves.
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Figure 14. Experimental and simulated curves for Arrangement 1, inclinations ϕ = 0.0◦, ϕ = 4.5◦,
ϕ = 9.0◦, (from top to bottom) (a,c,e) shows I-V curves and (b,d,f) shows P-V curves.
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Figure 15. Experimental and simulated curves for Arrangement 2, inclinations ϕ = 0.0◦, ϕ = 4.5◦,
ϕ = 9.0◦ (from top to bottom), (a,c,e) shows I-V curves and (b,d,f) shows P-V curves.

4. Discussion

The experimental results provided insights into the effect of the distribution of irra-
diance and temperature values on a panel. The simulated results showed the limitations
of the five-parameter model when the irradiance and temperature on the surface are not
uniform, or the model parameters deviate from those measured at STC.

As expected, the use of the 7 × 2 lamp matrix leads to higher solar radiation areal
density underneath the lamps compared to the cells that are not directly underneath a
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lamp. Similarly, the temperature distribution is highly non-uniform, as shown by the
thermal camera pictures. The irradiance varies from 1223.00 W/m2 when all lamps are lit
(Arrangement 1) and the inclination is 0.0◦, to 150.00 W/m2 when half of the lamps are lit
(Arrangement 2) and the inclination is 9.0◦. The temperature is highest at the center of the
panel and especially under the lamps, reaching 70 ◦C, and decreases towards the edges
where it was measured as low as 20 ◦C.

Varying the inclination of the panel leads to smaller differences between maximum and
minimum irradiance values which is reflected in the standard deviation of the measured
values as well as the temperature dependence measured by the thermocouples (see Table 7).

Arrangement 2, where half of the lamps are lit, results in irradiance values that are 50%
lower than those of Arrangement 1, where all lamps are on, for all inclinations. A similar
trend is observed in the measured values of Isc which demonstrates the strong dependence
of the DC output on irradiance.

Overall, reduced irradiance and an increase in temperature both result in power
reduction. The I-V and P-V curves obtained experimentally also show the effect of the
non-uniform irradiance and related spotted heating. The fact that the regions under higher
irradiance are also those with higher temperatures limits the gains for the higher irradiance
levels. This is most evident in the cases of inclination 0.0◦ and 4.5◦ for Arrangement 1
(Figure 14a–d). When ϕ = 0.0◦, the highest G levels are measured, but also the highest
temperatures are recorded, and the power output is comparable to the case of ϕ = 4.5◦.

The simulation results (Figures 12–15) have a higher discrepancy with the measured
ones when the STC values for Isc and Voc are used in the model which is reasonable. The
simulated curves demonstrate approximately three times higher output current values for
a given output voltage value, for all inclinations and both arrangements.

However, when the measured Isc and Voc (Table 7) are used instead, the discrep-
ancy decreases and the computed values of the output current are underestimated with
two exceptions: in the case of Arrangement 1, ϕ = 9.0◦, the computed values of the output
current are higher than the measured ones while in the case of Arrangement 2, ϕ = 0.0◦,
the agreement between measurement and calculations is good.

These discrepancies are due to the highly non-uniform irradiance and temperature
distribution on the surface of the panel. The average value of the measured radiation
is not a good approximation for the active radiation received by the panel in any case,
leading sometimes to an overestimation and sometimes to an underestimation of the value.
When specific cells receive higher irradiance levels, they tend to generate more electrical
current. However, due to the simultaneous increase in temperature associated with the
higher irradiance, the efficiency of these cells may diminish, resulting in a complex trade-off
between irradiance and temperature effects. The temperature rise potentially results in a
smaller gain in power output than what would be anticipated based solely on irradiance
levels. In addition, voltage and current measurements are made at the load, while the
model calculates the generated power of the PV panel without taking into account any
losses in the circuit. The sensitivity of the PV panel performance on temperature and the
limitation of the 5-parameter model to fully capture this effect is also discussed in [18].
The effect of increased losses due to the shunt resistance, as temperature increases will be
studied in our future work.

Ongoing work focuses on carrying out the modeling for each cell separately using
the measured G and T values for each cell and reconstructing the I-V curve for the whole
panel. A similar approach has been used in [26] to model the effect of partial shading using
two I-V curves. In our case, we will combine 60 I-V curves, one for each cell.

Another observation is that the measured output current curves exhibit a decreasing
trend with increasing voltage which deviates from the diode model. This may be due to the
measurement methodology since the measurements are taken continuously at successive
loads and reaching higher voltage values requires more time and hence the temperature
increases. However, this point needs to be further investigated.
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Comparing the results shown here with those in the literature is not straightforward as
they all focus on measurements carried out under actual solar irradiance and not artificial
lighting. However, there seem to be several approaches to effectively using the 5-parameter
model to reproduce measurements on PV panels when the operation conditions vary
significantly from STC. A method for parameter extraction is proposed in [22] with the
limitation that it applies to a PV panel with small output. This approach will be used in
future work to better understand the effect of spotted heating on the PV panel performance,
and its modelling [27–56].

5. Conclusions

In this paper, an experiment using artificial lighting of a PV panel was designed to
study the effect of highly non-uniform irradiance and temperature distribution on the
surface of a PV panel. Artificial lighting was used to generate various irradiance and
temperature profiles and the DC output was measured at various loading conditions to
obtain the corresponding I-V and P-V curves. The irradiance was recorded at each cell of
the PV panel while the temperature distribution was measured using a thermal camera.
The overall temperature was measured using a pair of thermocouples. The spotted lighting
resulted in the cells with the highest irradiance also having the highest temperature which
considerably limited the gains for the high irradiance.

Next, the 5-parameter model was used to study its performance for such non-uniform
temperature and irradiance profiles. The results showed that there is a significant deviation
between the experimental and simulated results since the simulation does not account for
the non-uniformity of the irradiance and temperature profiles. Again, the temperature
seems to play a significant role in determining the DC output. This role seems to not be
fully captured by the model.

The experimental findings underscored the importance of acknowledging the non-
uniform distribution of irradiance (solar energy input) and temperature across the PV
panel’s surface. Real-world conditions often involve variations in shading, obstructions,
and local temperature differences that can lead to differing levels of irradiance and tem-
perature exposure on various parts of the panel. This non-uniformity impacts the overall
panel performance by creating gradients in electrical characteristics and efficiency across
its surface. The 5-parameter model seems to be insufficient for variable temperatures
and irradiance values. This experiment could act as a starting point for future model
improvement regarding irradiance and temperature variables, for more effective design
and implementation against weather conditions, and for testing PV panels in different than
STC conditions.

This result leads our efforts towards obtaining a calculated I-V characteristic for each
cell and then combining them to reconstruct the I-V curve of the whole panel. This is a
tedious process, but we expect that it will account for the effect of the non-uniformity in
the temperature and irradiance distribution. Based on these results, modifications to the
existing model will be proposed to develop an efficient modeling tool for cases where
non-uniform lighting is expected.
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