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Abstract: The use of photovoltaic (PV) panels in interior spaces is expected to increase due to the
proliferation of low-power sensor devices in the IoT domain. PV models are critical for estimating
the I-V curves that define their performance at various light intensities. These models and the
extraction of their parameters have been extensively studied under outdoor conditions, but their
indoor illumination performance is less studied. With respect to the latter, several studies have
used the parameter-scaling technique. However, the model’s accuracy degrades when the light
level decreases. In this study, we propose a simple PV modeling technique that can be applied at
various illuminance levels by only using characteristic points (short-circuit current, open-circuit
voltage, and maximum-power voltage points) at a reference illumination level. The model uses
the characteristic point translation technique to translate the reference characteristic points to other
operating conditions. Then, parameter extraction technique is used to extract the model’s parameters.
The proposed model’s accuracy is verified using two commercial PV panels and different indoor
lighting technologies. The results indicate that the proposed model outperforms the other examined
works in terms of accuracy, with an average improvement of 15.75%.

Keywords: PV panels; characteristic point translation; five parameters; PV modeling

1. Introduction

Renewable energy sources have become an urgent priority as a result of climate
change and the fact that a major portion of the energy consumed globally is still generated
from fossil fuels [1]. Solar and ambient light are the most promising renewable energy
sources, and photovoltaic (PV) panels allow for the most direct conversion of light energy to
electrical energy. As a result, photovoltaic technology has attracted extensive interest over
the last few decades. PV panels have a wide range of applications, ranging from high-power
industrial energy generation to low-power emerging energy harvesting to power Internet of
Things (IoT) devices. PV panels are also expected to enable the most economical renewable
energy in the near future due to their low and decreasing manufacturing costs [2].

A PV panel is made up of silicon wafer cells that can be connected in series or in
parallel to generate the desired voltage and current [3]. The performance of PV panels can
be easily determined using the I-V curve. This curve represents the relationship between
the output current and the voltage of the PV panel. The equivalent circuit-based models
are most commonly used to describe the curve [4]. However, the curve is nonlinear and
highly dependent on both irradiance/illuminance levels and temperature. As a result, the
complexity of developing an accurate model is high. Nonetheless, an accurate PV model
is critical for evaluating the electrical response of different PV panels under a variety of
operating conditions that can be encountered in practice.

PV models employ an equivalent circuit with a few parameters that adequately reflect
its behavior, and they can be calculated either through optimization or analytical methods.
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Optimization methods were employed to extract the parameters in [5-9]. However, the
accuracy of the extracted parameters is highly dependent on the algorithm type, objective,
and initial settings. With an increase in the number of factors, the optimizer’s ability to
produce accurate results decreases. Additionally, optimization methods require I-V curve
information to determine an optimal match. This may restrict the model’s applicability, as
not all panel manufacturers provide information on the I-V curve. A few analytical works
have involved the extraction of the model’s parameters solely from datasheet values. Since
almost all manufacturers provide datasheet values, the analytical method can be applied to
nearly all PV panels. However, the models only work well at the standard irradiance of
1000 W/m?. Therefore, considering that environmental conditions such as irradiance levels
might affect the model’s parameters, the studies reported in [10-13] were conducted using
the parameter-scaling technique. The results show significant performance variations with
several commercial PV panels at varying irradiance/illuminance levels. Hence, the findings
suggest that parameter scaling should not be seen as the primary technique for modeling
PV behavior. In [14-18], the characteristic point translation technique was used. This
technique can translate three characteristic points from the data sheet to other irradiance
levels: short-circuit current, open-circuit voltage, and maximum-power points. However,
the accuracy of this characteristic point translation technique can still be improved at
low irradiance levels. Moreover, the limited amount of research conducted using the
characteristic point translation technique in indoor environments highlights a knowledge
deficit with respect to the performance of typical PV models. This deficit constrains our
capability to estimate the operation of PV panels and their output power under indoor
artificial light. An overview of PV modeling methods is shown in Figure 1.

PV modeling methods
[
v v
Optimization methods Analytical methods
\
' v
Parameter scaling Characteristic point
technique translation technique

Figure 1. Overview of PV modeling methods.

The main objective of this work is to develop a PV model with the characteristics of
high accuracy in indoor conditions and wide applicability, only requiring characteristic
points at a reference illumination. In view of this, a one-diode model with two resistors is
chosen to model PV behavior in indoor environments because such a model incorporates
a parallel resistor, which is used to represent the leakage current [19]. Compared to
other models reported in [20-25], the one-diode model provides high accuracy while
remaining simple. Furthermore, the proposed model takes a novel approach by applying
the characteristic points translation technique to determine the three characteristic points
at various illuminance levels. The obtained values are then integrated with the parameter
extraction technique to extract the model’s parameters. This approach is expected to
improve the proposed model’s accuracy at low light levels. Moreover, it only requires
an indoor reference of the three characteristic points as input, and it can model the PV
behavior under different operating conditions. To determine the reference value for the
model’s input, an experiment is carried out. Various light source technologies are used to
illuminate multiple commercial PV panels, and the light intensity is extensively verified
using light measurement devices. Several similar works utilizing different techniques are
used for comparison purposed to evaluate the expected improvement in accuracy of the
proposed model.
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The remainder of this paper is organized as follows. Section 2 describes the methodol-
ogy in detail. In Section 3, the results of the proposed and compared models are presented,
while Section 4 concludes the paper.

2. Methodology

This section is divided into four subsections; the first subsection reviews the one-diode
model with two resistors, whereas the second subsection presents the parameter extraction
technique. Furthermore, the third subsection describes the characteristic point translation
technique, and the fourth subsection presents the experimental and validation procedures.

2.1. One-Diode Model with Two Resistors

The one-diode model was initially developed for one solar cell, but it can be easily
extended to include PV panels with multiple cells by incorporating the number of cells in
the model. The same model can also be used for both monocrystalline and polycrystalline
solar cells [26,27]. Figure 2 illustrates the equivalent circuit for the one-diode model with
two resistors. The circuit is composed of the photocurrent source (I;), the diode, the
parallel resistor (Ry), and the series resistor (R;). Using Kirchhoft’s current law, the output
current (I) can be stated as follows with reference to Figure 2:

V + IR
I:Iph_ld_Ts 1
p
where I; is the current through the diode and V is the voltage. The diode current can be
further represented using the Shockley diode equation, which is as follows:

[
I [ VVV—O
l 11/ llp R-\' +
Li( 1 R, %

Figure 2. One-diode model with two resistors.

Hence, the model’s output current equation is described as follows by substituting
Equation (2) into Equation (1):

q(V—i—IRS))_ ]_VHRS .

I=1Iu-1 [exp( NoakT R,

where I, is the diode’s saturation current, g is the charge of an electron, Nj; is the number of
PV cells that are connected in series, a is the diode’s ideality factor, T is the temperature,
and k is the Boltzmann constant.

However, the addition of more variables to the one-diode equation presented in
Equation (3) makes the analytical solution impractical. This means that variables I and
V in each member cannot be separated and isolated using simple functions [28]. The
equation is also known as a transcendental equation, since it is an expression of the form



Appl. Sci. 2024, 14, 427

4 0f 20

I =f(I,V). Therefore, the Newton-Raphson numerical method is chosen. It is a relatively quick
convergence algorithm for computing the roots of a function [29-31] and is expressed as:

Xpn+1 = Xn — J{,((J;)) (4)

where x;,.1 is the present iteration’s estimated value, x, is the output of the previous
iteration, f(x) is the initialized function with x,, and f’(x) is the initialized derivative of x;,.

2.2. Parameter Extraction Technique

The model is composed of five parameters: Iph, Io, a, Rs, and Ry. These parameters
can be retrieved using the parameter extraction technique described in [12]. To begin,
the output current of the model is evaluated using Equation (3) under various operating
conditions, including open-circuit, short-circuit, and maximum-power conditions.

Under the open-circuit condition, V = V, and I = 0. Hence, the output current can be

written as: _ v _ v
- _ qVoc _ _ Vo
0="In-1I _exp (NsakT> 1_ — 5)

Under the short-circuit condition, V = 0 and I = I.. The output current is:

i Rl 1 R
Ie = Ly — I exp<zq\];ks;,)—l - ©6)
L S d p

Under the maximum-power condition, V = V,;, and I = I;;;. The output current is:
q(Vin + ImRs) Vin + InRs

Ly=1,—1 —_-— ) -1 - 7

m = Tph o [eXp< NyakT R, @

where V. represents the open-circuit voltage, I, represents the short-circuit current, V,
represents the maximum-power voltage, and I, represents the maximum-power current.
By rearranging and simplifying the above equations, I, and I, can be written as:

_ qVoc |\ _ Voc
o o Voo — IscRs . qVoc
IO - (ISC Rp ) eXp( aNSkT> (9)

The authors of [12] included the number of parallel-connected PV cells (Np) in
Equation (3) to obtain a more precise expression for the parameters Rs and R. The inclu-
sion of N, effectively scales down V to represent the voltage of a single solar cell. The
accuracy improvement comes from the knowledge that the voltage of a single solar cell
is within a limited range. As a result, the new equation for the model’s output current is
as follows:

q(VN, +IRSNS)> - } VN, +IRsN; 10)

I =Ny, - N1
pipn = Rplo {e"p< N, NoakT N:R,

To obtain the parameter R;, Equation (10) is assessed under short-circuit, open-circuit,
and maximum-power conditions. The expression (VN + IRsN;s)/(N,yNsRy,) can be omitted
due to the low level of current flowing through the parallel resistor, yielding the following:

Re=—p~In [eXp<akTNs T L\ TP\akTN, ) [] T TN, (1
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Furthermore, the formula for Ry can be obtained from the derivative of the current in
relation to the voltage at the maximum-power point:

dl I
(dV) ‘MPP =, (12)

Similarly, the short-circuit and open-circuit conditions in Equation (10) are substituted
into Equation (12) to derive the parameter Ry, as shown in Equation (13). The authors
of [12] recommended increasing the value of parameter a from 0 until R, achieves its
minimal positive value. After determining the values of the five parameters, the R; value
can be increased iteratively to match the maximum power point, as proposed in [12]. This
adjustment of R; is performed to increase the model’s accuracy. It is noted that the R
value affects the fill factor and maximum-power point. The higher the R, value, the lower
the fill factor and maximum-power point. Based on the observation that the I-V curve of
the PV panel under low indoor illuminance levels has a lower fill factor and maximum-
power point compared to under outdoor conditions, the higher R value that matches the
maximum-power point is able to produce a more accurate I-V curve. By applying this
technique, the model’s accuracy can be improved.

NpVi + NsliyRs Voc
. [[NSISCRS _ NpVOC] [exp(q(’(]Wsz))))]q + akTNsz [eXp (a(l?TNs))) o 1]] (13)
p= (qVoc)
([N2Lnak TN (exp ( brocs ) —11) (q(NpViu + NsIuRs)
(vaprsI(mkRTsh)” ~ e, N

The procedure of parameter extraction methods is shown in Figure 3. To begin with,
the characteristic point values at the reference illuminance of 1000 lux are obtained and
translated. These translated values are used to extract the parameters of the model. Next,
the Newton—-Raphson method is used to generate the I-V curve. The values of the model
are obtained and compared to check its accuracy. The process ends if sufficient accuracy is
achieved; otherwise the value of R; is increased to meet the accuracy requirement.

Obtain characteristic point
values at the reference
illuminance

!

Characteristic
points translation

!

Parameter
extraction

!

Increase Rs
value

Draw I-V curve

Accuracy
Achieved?

Figure 3. Flow chart of parameter extraction methods.
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2.3. Characteristic Point Translation Technique

As previously discussed, the parameter-scaling technique is inaccurate at low illumi-
nance levels. Therefore, a new technique for modeling PV behavior under these operating
conditions is required. In this study, the translation technique was chosen, since it only
requires reference values to obtain the characteristic point values under other operating
conditions. The proposed characteristic point translation technique is expressed as follows:

G
L. = Isc,ref (Gf) [1 + o (T — Tref)] (14)
re
G
Tp = Top,ref <Gref> [+ &15e(T = Trey )] (15)
Voc = Vocm + ﬁVoc (T - Tref) (16)
Vmp = Vmp,rgf - Voc,ref + Voem + ﬁVoc (T - Tref) (17)

where aj,. is the current temperature coefficient, By, is the voltage temperature coefficient,
G is the light level, Vi, is the translated open-circuit voltage at a specific light level, and
ref is the reference value.

The equations for the short-circuit and maximum-power currents show that they
are proportional to irradiance and temperature [32-36]. Furthermore, the advantages of
these equations are dependent on the temperature coefficient, which carries dimensions
such as amps/°C or volts/°C. This means that these coefficients change whenever the
manufacturer restructures the series—parallel arrangement or the number of cells in the PV
module [37]. The translated open-circuit voltage in Equation (16) is also proposed using
the reference characteristic points and can be expressed follows:

1— G
Gi’é’
Voom = CoVocep In |1+ —2 = (18)
1 7Vmp,ref
Cl — (1= mp,ref ECZVth,rEf (19)
scref
Vm e
( Vofreff - 1)
CO=—""7T"F (20)

11’1(1 o Imp,ref)
Isc,ref

It is important to consider the impact of temperature on V., Is., and the filling factor.
Therefore, in this study, we use the characteristic point values experimentally obtained
at the reference illuminance of 1000 lux at the same temperature. These characteristic
point values, which include the V., I, and the filling factor, capture the effects of the
temperature. Nevertheless, modeling at different temperatures is an exciting proposition to
be considered in future work.

2.4. Experimental and Validation Procedures

The performance of PV panel models has been researched extensively, with accuracy
evaluated against the available datasheet values under standard test conditions (STCs)
corresponding to 1.5 air mass, 1000 W/m? irradiance, and a cell temperature of 25 °C.
However, indoor light is primarily reliant on artificial light sources, and it is frequently
coupled with natural light. The indoor environment’s light intensity is often less than
10 W/m?, which is significantly lower than in the outdoor environment [38]. Nevertheless,
there are currently no defined standards for the indoor environment. This is because the
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indoor environment is described as having less temperature volatility, much lower light
intensity, and a greater spectral range [39].

Therefore, this study is focused on small PV panels that consist of either one or
multiple solar cells. Experiments are carried out in an indoor environment at a room
temperature of 24 °C, with regulated lighting, to validate the proposed model’s accuracy.
This is because detailed I-V curves under indoor conditions are generally not provided by
panel manufacturers. To simulate indoor lighting conditions, two types of PHILIPS lights
(7 W LED and 12 W CFL) are used [40,41]. These lights have different spectrum intensities,
which can influence the amount of light energy harvested by the PV panel.

A STELLARNET Black-Comet-SR concave grating spectrometer [42,43] is used to mea-
sure the spectrum. The spectrometer is capable of executing high-quality spectral analysis
in the ultraviolet-visible-near-infrared (UV-VIS-NIR) wavelength range of 200-1080 nm.
Moreover, it provides uniform resolution across the spectral spectrum, as the concave grat-
ing forms a flat field on the charge-coupled device (CCD) detector. To ensure the accuracy
of the light spectrum, when the spectrometer is turned on, a calibration file provided by
STELLARNET is used to calibrate the device. Additionally, a KIMO LX200 lux meter is
placed alongside the spectrometer to verify its measurement accuracy. The lux meter is used
in this experiment to measure the illuminance level from 0 to 1000 lux with a resolution as
low as 0.1 lux. The spectrometer receptor’s location is fixed beneath the light bulb in an
enclosed box, preventing ambient light from penetrating, as shown in Figure 4. To ensure
that the light source illuminates the measuring devices directly, a peep hole is included on
the side of the box to allow the user to periodically check the setup, as shown in Figure 5.
A schematic diagram of the experiment is shown in Figure 6.

Light
I~ | source

Spectrometer’s
receptor

Pecp
hole

Light

source’s

wue

Figure 5. Experimental setup in a confined box.
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I Force LO
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Figure 6. Schematic diagram.

The light fixture is placed directly on top of the PV panel at a 90° angle, as shown in
Figure 4, to obtain maximum performance. It is expected that if the angle is changed, the
performance of the PV panels will be decreased [44]. A detailed investigation on how the
angle of the light fixtures affects the performance of PV panels is an interesting direction
that will be considered in future work.

The light spectra of the CFL and LED are shown in Figures 7 and 8, respectively,
in graphs generated using STELLARNET SpectraWiz software. The CFL spectrum is
observed to have a narrower bandwidth and spikes at specific wavelengths, whereas the
LED spectrum has a smoother distribution. The illuminance value presented in the upper-
left corner can be derived by calculating the area under the curve within the wavelength
range of 390-830 nm. This range is also referred to as the CIE 2008 photopic luminous
efficiency function (E(A)), which represents the average spectral sensitivity of human vision
to light [45]. Thus, effective conversion would enable the use of a spectrometer to evaluate
photovoltaic performance under low-illuminance conditions. The equation used to convert
the measured spectral irradiance to spectral illuminance is expressed as [46]:

830
Muminance (lux) = 50 V(A)E(A)dA (21)

where V(A) is the measured spectral irradiance value.

1691.637 lux

120 T T T

100 4

80 b

60 - b

T
I

40

Spectral illuminance (Im/m2/nm)

1 1 1 1 1 1 1

0
350 400 450 500 550 600 650 700 750 800 850
Wavelength (nm)

Figure 7. 12 W CFL spectrum.
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Figure 8. 7 W LED spectrum.

The 7 W LED and 12 W CFL light sources were chosen, since LED and CFL light
sources outperform the other lights sources, such as xenon and incandescent lamps [47], in
terms of efficiency. Therefore, their usage is expected to increase in the near future. The
same methodology can also be used for any other light source.

The impact of different light sources and their respective spectra on conversion is
mainly due to their efficiency, as most of their spectra fall within the wavelength range of
390-830 nm considered for illuminance. For example, Figures 7 and 8 show that the power
of the 12 W CFL is around 71% higher than that of the 7 W LED, but its illuminance is only
36% higher (1691.637 lux/1237.093 lux, respectively). This reflects the lower efficiency of
CFL light when compared to LED light. Also, the values of 1691.637 lux and 1237.093 lux
corresponds to 4.72 W/m? and 4.05 W /m?, respectively.

For the experimental measurements, a total of 10 different illuminance levels are
used to illuminate both PV panels (kx0b22—12x1 and kx0b22—04x3f). Illuminance levels
range from 1000 lux to 100 lux with a 100 lux step size. To reduce measurement error,
each illuminance level is measured 10 times, and the average is taken. As shown in
Figure 9, a Keithley 2450 source measurement unit (SMU) is also used to record the panel’s
I-V curve [48,49]. To eliminate the effects of lead resistance, a four-wire connection is
established. The connections shown in Figure 6 are made as close as possible to the PV
panel to avoid affecting the measurement accuracy due to the resistance of the probe cables.
The results of the spectrometer and SMU are then exported to MATLAB to validate the
proposed model’s accuracy.

A Tekdronix ny LN Q@

R =]

o [
e £ READING TABLE

T . .y e B SENSE HI FORCE HI

QuICKSET aBuffes — éA

I XYS &2
T(XOB 22-12X1

06/0101:08:54.375224 00.1250mA -00.0000V 210V =l e 210V
06/0101:08:55.373014 -00.1249mA -00.0001V ﬁ @
06/01 01:08:55.705606 00.1240mA +00.0000V ]

06/0101:08:57.035980  -00.1250mA +00.0000V

2507
SENJELO  FORCELO 2504

Figure 9. SMU connection with the PV panel.
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Both the characteristic point translation and parameter extraction techniques are imple-
mented as MATLAB functions, which yield a set of model parameters for the corresponding
PV panels depending on the measured reference values. During parameter extraction,
the Rs value is increased at each iteration so that the maximum-power point of the corre-
sponding I-V curve is as near as possible to the translated maximum-power point. Hence,
it is expected that the sequence and combination of both the translation and parameter
extraction techniques will be able to enhance the model’s accuracy.

The characteristics of the PV panels are given in Table 1. PV panel kx0b22—12x1 has
one solar cell. On the other hand, kx0b22—04x3f consists of three solar cells. These three
solar cells are connected in series. The solar cells used in both the PV panels are made
of monocrystalline semiconductor material [50,51]. The table shows the PV panels” STC
datasheet values. However, the manufacturers did not provide the reference values under
indoor illuminance conditions due to the low light intensity. Therefore, the experimental
measurement at 1000 lux is used as the input values for the translation technique described
in the previous section to translate the characteristic points to different illuminance levels.

Table 1. Indoor PV panel datasheet values [50,51].

PV Panel
Parameter Values at STC
kx0b22—12x1 kx0b22—04x3f
Ise sTc (MA) 50.000 15.000
Voestc (V) 0.630 1.890
Lp,sTC (MA) 44.600 13.380
Vip,stc (V) 0.500 1.500
Pmp,STC (mW) 22300 20070
Number of cells 1 3
Dimensions (L x W x H) (mm) 22 x7x 1.8 22x7x18
Area (mm?) 154 154

An overview of the experimental methodology and results is presented in Figure 10.
The first and second steps are repeated for each artificial light source, whereas the third to
fifth steps are repeated for each artificial light source and each PV panel.

Spectrometer experiment to obtain the light spectrum

|

Conversion between irradiance and illuminance from the light
spectrum

|

Experiments to measure the characteristic point values at the
reference illuminance of 1000 lux

|

Experiments to measure the characteristic point values at the
other values of illuminance from 100 to 900 lux

|

Comparison of model with experimental values atilluminance
levels from 100 to 900 lux to determine the model’s accuracy

End

Figure 10. Overview of the experimental methodology and results.
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3. Results and Discussion

To determine the available energy at low illumination levels, a 1000 lux illuminance
reference characteristic point value from the PV panels is used to translate to other illumi-
nance levels. Both photovoltaic panels are exposed to 1000 lux with different light sources.
The measured reference characteristic points are listed in Tables 2 and 3.

Table 2. Measured average reference characteristic points for kx0b22—12x1 at 1000 lux.

Light Source
Characteristic Points at 1000 lux
7 W LED 12 W CFL
Isc (LA) 125.251 123.172
Voc (V) 0.414 0.408
Lp (LA) 102.835 100.390
Vinp (V) 0.293 0.287

Table 3. Measured average reference characteristic points for kx0b22—04x3f at 1000 lux.

Light Source
Characteristic Points at 1000 lux
7 W LED 12 W CFL
Lse (LA) 39.327 39.244
Voe (V) 0.933 0.937
Tp (LA) 28.969 29.056
Vinp (V) 0.637 0.639

Using the proposed translation technique, the reference values can be translated to
different illuminance levels for various light sources. The model’s parameters can then be
extracted with the translated characteristic point values as input values. Table 4 shows the
extracted model’s parameter values at 1000 lux for one of the PV panels. It can be noted that
the relatively higher value of Ry is due to the lower fill factor under indoor illumination.

Table 4. Extracted parameters for kx0b22—12x1 at 1000 lux.

Extracted Parameter Value
a 2.283
R (Q) 188.887
R, (MQ) 103.883
I, (uA) 0.1083
Ly, (1A) 125.000

Bader [11] and Gandhi’s [16] works are used for comparison with the proposed model.
This is because Bader improved the existing parameter extraction technique. Bader’s results
appear promising, with low normalized root mean square deviation error (NRMSE) at low
illumination levels. NRMSE is also applied to our proposed model in order to achieve the
same benchmark for model accuracy. The NRMSE can be calculated using Equation (22):

1 1&
NRMSE((VO) = IOO X EZ(IimOd — Iiexp)z (22)
i=1

sC

where ;7% is the model’s value, ;%7 is the experimental value, and i is the value of a
dataset of length k. On the other hand, Gandhi utilized the iterative thermal voltage to
translate the open-circuit voltage, which is frequently employed in existing translation
works. The same modeling procedures are applied to both panels at 900, 800, 700, 600 lux,
etc. The values are recorded and compared to the experimental values.
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The generated I-V curves are presented in Figures 11-16. It can be noted that the
values of the currents and voltages are very low due to the small size of the PV panels and
the low illuminances of 1000 lux and below used in the experiments. For example, the
current values in the data sheet [50,51] are in the order of mA, but these are provided for an
irradiance level of 1000 W/m?, whereas 1000 lux is at least two orders of magnitude less,
which results in current values in the order of pA. Figure 11 shows the I-V curves generated
for both panels at 1000 lux; all of the I-V curves fit closely with the experimental values.
As the illuminance level decreases, the accuracy of these works decreases. At 800 lux for
the kx0b22 —04x3f panel, the I-V curves near the maximum-power point begin to diverge.
A similar situation also occurs at 600 lux, where the I-V curves for the kx0b22—04x3f
panel differ, although still acceptable. However, Bader reported a slight overshoot after the
maximum-power point for the kx0b22—12x1 panel.
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Figure 11. Comparison of I-V curves obtained in different works with experimental values at 1000 lux
with a 7 W LED: (a) kx0b22—12x1; (b) kx0b22—04x3f.
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Figure 16. Comparison of I-V curves obtained in different works with experimental values at 100 lux
with a 7 W LED: (a) kx0b22—12x1; (b) kx0b22—04x3f.

At 400 lux, Bader overshot the I-V curve after the maximum-power point on both
panels, with an additional undershoot before the maximum power point. On the other
hand, the proposed model and Bader’s I-V curves do not differ much from the experimental
values. Additionally, it can be clearly seen that Gandhi’s inaccurate translation of open-
circuit voltage results in an undershoot for the kx0b22—04x3f panel’s I-V curve. Gandhi
also encountered difficulties in translating the open-circuit voltage and maximum power
voltage at 200 lux, as illustrated in Figure 15. Both of the I-V curves undershoot when
compared to the experimental values. There is also a noticeable undershoot for Bader and
the proposed model’s I-V curve near the kx0b22—04x3f panel’s short-circuit point. Due to
the significant reduction in current at 100 lux, Gandhi struggled to accurately translate the
open-circuit voltage, causing the I-V curve to overshoot after the maximum-power point.
It can also be noted that the proposed model’s I-V curve undershoots the experimental
values, while Bader’s I-V curve overshoots the maximum power point. Nevertheless, it
remains within the acceptable range.

The results for the two PV panels (kx0b22—12x1 and kx0b22—04x3f) illuminated with
a7 W LED light source are presented in Tables 5 and 6. At 1000 lux, the results of the
discussed works fit very closely to the experimental values, resulting in a low NRMSE.
However, the results indicate that as the illuminance level decreases, the NRMSE of both
panels increases using all investigated methods. Bader’s NRMSE at 900 lux is 3.008%,
which is slightly higher than that achieved with the other methods, while at 800 lux,
Table 6 shows that Bader and Gandhi’s methods generated NRMSE values of 3.007% and
3.865%, respectively. Both results are more than two times that achieved with the proposed
model (1.455%).

The NRMSE does not vary considerably between the investigated methods at 700 and
600 lux. However, the proposed model’s accuracy begins to outperform the other methods
starting at 500 lux. At this level, Gandhi’s method generates an NRMSE of 6.145% (Table 5).
This is due to the use of iterative thermal voltage to translate the open-circuit voltage. The
iterative process is unable to provide an accurate fit for low-wattage panels with a low
number of PV cells. As the thermal voltage is used in the subsequent translation, it affects
the model’s accuracy. In comparison, the proposed model provides a significantly lower
NRMSE of 2.258%. This is because the proposed translated open-circuit voltage is derived
from the relationship between light and voltage using all three characteristic points. Hence,
the model’s accuracy can be improved. Gandhi’s method also encounters difficulties in
accurately modeling the maximum-power voltage at 400 and 300 lux, resulting in NRMSE
values of 7.993% and 8.619%, respectively. Although Gandhi’s initial series resistor serves to
represent PV losses under outdoor conditions, the assumption of an infinite value of R, in
the derivation affects its accuracy considerably under indoor conditions. It can be seen that
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at 200 lux, Gandhi’s NRMSE values are significantly higher for both panels (11.709% and
11.170%) due to inaccurate translation. Bader’s NRMSE has slowly increase to 4.935% at
the same illuminance level. As Bader’s method improves the existing parameter extraction
technique, its associated NRMSE value is not as high as that of Gandhi’s method. However,
Bader’s still involves the use of the parameter-scaling technique, which degrades at low
illuminance levels. Most of the investigated methods are unable to maintain their accuracy
at 100 lux. As shown in Table 6, the Bader method and the proposed model generate
accuracies of 5.488% and 5.513%, respectively. Gandhi’s method also fails to maintain its
accuracy on both panels, resulting in NRMSE values of 14.703% and 12.051%.

Table 5. NRMSE of kx0b22—12x1 with a 7 W LED.

NRMSE (%)
Illuminance Level (lux)
Bader Gandhi Proposed
1000 0.948 0.839 0.753
900 3.008 1.484 1.258
800 2477 1.853 1.629
700 1.538 1.493 1.693
600 3.869 1.606 1.242
500 2.292 6.145 2.258
400 2.877 3.922 2.534
300 3.199 7.983 3.246
200 3.578 11.709 3.472
100 3.253 14.703 3.623
Average 2.704 5.174 2.171
Table 6. NRMSE of kx0b22—04x3f with a 7 W LED.
NRMSE (%)
IlIluminance Level (lux)
Bader Gandhi Proposed
1000 0.864 0.718 0.392
900 1.449 0.649 1.277
800 3.007 3.865 1.455
700 2.822 3.545 2.281
600 2.851 4.031 2.676
500 3.162 5.890 3.208
400 3.682 7.993 3.312
300 4219 8.619 3.239
200 4.935 11.170 3.558
100 5.488 12.051 5.513
Average 3.248 5.853 2.691

In summary, the proposed model provides average NRMSE values of 2.171% and
2.691%, corresponding to a 17.149% to 19.712% improvement over Bader’s method. The
proposed model is able to achieve this by combining the best features of Wahed'’s [14]
translation technique and Fahad’s parameter extraction technique [12]. The improved
accuracy of the proposed model over the compared methods highlights its importance and
contribution.

Figures 17-19 show the I-V curves of both panels at 1000, 800, and 600 lux under
12 W CFL illumination, respectively. The results are very similar to those presented in
Figures 11-13. This is because the PV panels are illuminated by a similar level of light
intensity, and the experimental range of the light spectrum has little effect on PV absorption.
As the illuminance level decreases, the accuracy of these methods starts to decrease. At
400 lux, the Bader method continues to undershoot the I-V curve after the short-circuit
point on both panels. On the other hand, the I-V curves of the proposed model and those
associated with Bader’s method do not differ much from the experimental values.
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At 200 lux, Gandhi’s method results in inaccurate translation of the maximum-power
voltage and open-circuit voltage, as illustrated in Figure 18. Bader’s method results in a
noticeable undershoot of the I-V curves near the kx0b22—12x1 panel’s short-circuit point,
which is also reflected by the high NRMSE. Hence, both of the I-V curves result in an
undershoot compared with the experimental values. Due to the significant reduction
in current at 100 lux, Gandhi’s method struggles to accurately translate the open-circuit
voltage, causing the I-V curve to be overshot after the maximum-power point. It can also
be noted that the proposed model’s I-V curve undershoots the experimental values, while
Bader’s I-V curve overshoots the maximum-power point.

Tables 7 and 8 show the corresponding NRMSE results for both panels when illumi-
nated by a 12 W CFL light source. At 1000 lux, the discussed methods fit the experimental
values very closely, resulting in a low NRMSE. Between 900 and 600 lux, the performance
of all three methods is similar. Nevertheless, as seen in Table 7, Gandhi’s method results
in a slightly higher NRMSE of 3.261% at 700 lux, which is more than twice that of the
other methods. Gandhi’s method is also associated with NRMSE values of 6.057%, 4.529%,
and 8.385% at 500, 400, and 300 lux, respectively. This is because the translation of the
maximum-power voltage is inaccurate, resulting in an increase in the NRMSE. Furthermore,
at 200 lux, Gandhi’s method also struggles to translate the open-circuit voltage due to the
iterative thermal voltage. The results show that NRMSE values obtained with Gandhi’s
method reached as high as 14.123%. At 100 lux, the majority of the investigated methods
struggle to maintain their accuracy. Due to the inaccuracy of the translation technique,
Gandhi’s method has the highest NRMSE of 28.086%. Since Bader’s method involves
the use of the parameter-scaling technique, the NRMSE rises to 6.070%. Nonetheless, the
proposed model also had issues at 100 lux, with an NRMSE of 4.269%. It is important
to note that potential nonlinearities can occur in the I-V curve, especially under varying
indoor conditions. Nevertheless, the two existing techniques used in this study already
have an inherent capability to handle potential nonlinearities in the I-V curve. Addi-
tionally, the iterative approach was applied in this study, which adjusts the R value to
handle nonlinearities.

Table 7. NRMSE of kx0b22—12x1 with a 12 W CFL.

NRMSE (%)
Illuminance Level (lux)
Bader Gandhi Proposed
1000 0.705 0.467 0.362
900 1.165 1.191 0.889
800 1.244 1.531 1.217
700 1.494 3.261 1.433
600 3.221 3.797 2.033
500 2.467 6.057 2.424
400 2.992 4.529 3.022
300 4.022 8.385 3.879
200 5.073 14.123 4.443
100 5.960 28.086 4927
Average 2.834 7.143 2.463

In summary, the results show that the proposed model can provide average NRMSE
values of 2.463% and 2.857%, which is a 13.029% to 13.091% improvement over the values
achieved with Bader’s method. Based on the discussion of the performance achieved with
the other investigated methods, it can be concluded that Gandhi’s method struggles to
accurately translate open-circuit voltage due to the iterative thermal voltage and that the
assumption of an infinite R;, value causes a lack of accuracy in maximum-power voltage
translation at low illuminance levels. Moreover, Bader’s parameter-scaling technique is
unable to generate an accurate and consistent I-V curve. The proposed model is shown to
provide the best accuracy among these works, with an average improvement of 15.75%. This
is because the proposed model adopts the best features of both techniques, i.e., characteristic
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point translation followed by parameter extraction and an iterative adjustment of R to
match the lower maximum-power point at low illuminance levels.

Table 8. NRMSE of kx0b22—04x3f with a 12 W CFL.

NRMSE (%)
Illuminance Level (lux)
Bader Gandhi Proposed
1000 0.974 0.973 0.346
900 1.675 1.169 1.129
800 2.178 2.966 1.340
700 3.223 3.571 2.685
600 3.138 3.778 2914
500 3.265 5.128 3.566
400 3.293 7.488 3.423
300 4.666 9.005 4.717
200 4.363 11.214 4.179
100 6.070 12.465 4.269
Average 3.285 5.776 2.857

4. Conclusions

The use of PV panels to convert light into electricity in indoor environments is expected
to increase significantly in tandem with the rapid deployment of low-power IoT sensor
devices. Hence, an accurate model is required to evaluate and predict the performance
of PV panels. However, the nonlinear characteristics of PV panels make the modeling
of their electrical response a challenging task. In this paper, we present a one-diode PV
model with two resistors with improved characteristic point translation and parameter
extraction techniques for indoor PV modeling. This model only requires one set of reference
values, such as those at 1000 lux, to predict the electrical behavior of PV panels under
different illuminance levels, which enables its wide applicability. Two PV panels were
used and illuminated under different types of commonly employed light technologies. The
model was tested, and its results were compared to those reported in other works using
parameter-scaling and translation techniques, in addition to comparison with experimental
values. The results show that the proposed model’s accuracy is higher than that of the
compared methods and close to the experimental values. Furthermore, the proposed model
is able to provide an average accuracy improvement of 15.75% over the compared methods.
Therefore, the proposed model, which can provide consistently high accuracy in modeling
PV behavior at various illuminance levels for different light and PV technologies, can
contribute to the explosive growth in the development of new energy for sustainable indoor
IoT applications.

There are many interesting possible directions for future work. First, the investigation
of the effects of temperature and its modeling is an exciting proposition that can extend the
model’s applicability. Secondly, how the angle between the light source and the PV panel
affects the performance of the latter is another worthwhile direction for future research.
Lastly, the extension of the model to other light sources and emerging PV technologies,
especially for indoor applications, will be studied in the future.
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