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Abstract: In this article an approach based on the Lambert W function is applied to analysis of various types solar cells
and solar modules at a given insolation level and temperature; it can be used to extract accurate values of the parameters
of a solar cell/module using experimental data or information available from the datasheet. These parameters are the
photocurrent I, the reverse saturation current I,, the diode ideality factor a, the series resistance Rs, and the shunt
resistance Rsn,. The parameters I,, a, Rs, and R, are calculated with the aid of 4 equations that can be solved
simultaneously while increasing the value of I, in small increments. The calculated parameters are found to be in
good agreement with those obtained in the literature. The experimental data of various solar cells/modules devices are
obtained from the literature. Some of these devices are silicon solar cells and modules in addition to organic and DSSC
solar cells. The mathematical I —V characteristics and the mathematical P —V characteristics are found to be in good

agreement with the experimental data.
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1. Introduction

Renewable energy generation systems, based on photovoltaic (PV) devices, present the most promising solutions
for domestic power levels, to reduce CO4 emissions and the energy consumption produced by gas and oil [1].
A PV system converts sunlight into electricity. The solar cell is the basic device of a PV system. Cells
may be grouped to form modules or panels. Panels can be grouped to form large PV arrays. The cost and
the performance of PV plants strongly depend on modules/arrays. However, the electrical parameters of the
module/array, for example the short circuit current and the open circuit voltage, can be different than those
provided by the manufacturer. Moreover, such parameters can change due to aging.

Solar cells’ performance has been continuously improved through various intensive research efforts.
Accurate knowledge of solar cells’ parameters from experimental data is of vital importance in order to estimate
their performance and to simulate, design, fabricate, and quality control the solar cells [2]. The electrical
behavior of solar cells is usually described by the equivalent circuit of the single-diode model, the 2-diode
model [3], or the 3-diode model [4,5]. Among these circuit models, the single-diode model (known also as the
5 parameters model) shown in Figure 1 has the simplest form. Although the single-diode model is simple, it
can describe the electrical behavior of various solar cells well and satisfy most of their applications. Thus, the

single-diode model has become the most widely used solar cell circuit model [6-23]. The relation between the
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current I and the voltage V in the single-diode model is given by

(1)

I:Iph_fo{exp{m} _1}_‘/+IRS

V;(l Rsh '

where Ip;, and I, are the photo-generated current and the dark saturation current of the PV system, respectively,
Vi = NskT/q is the thermal voltage of the PV system with Ny cells connected in series, R; and Rgp, are the
cell series resistance and the cell shunt resistance, respectively, a is the diode quality factor, ¢ is the electronic
charge 1.6 x 1071 C, k is the Boltzmann’s constant 1.38 x 10723J/K, and T is the temperature in Kelvin.

Iph<D DY % R, Cy

Figure 1. The single-diode model equivalent circuit of a PV device.

Many methods used to determine the unknown parameters I,,, I,, a, Rs, and R, have been the
suggested by various authors [6-23]. Some authors use the measurements of illuminated I — V' characteristics
at different illumination levels [6-8]. Others utilize dark and illuminated measurements [9-12]. However, the
device parameters are widely influenced by the different illumination levels [13]. Therefore, it is crucially
important to estimate all the parameters of a solar cell from a single I —V curve (or some points on this curve)
measured under constant illumination level. This is very important for the recently emerging organic solar cells,
whose parameters are greatly influenced by different levels of illumination [14].

Ishibashi et al. have recently introduced a method to extract all the parameters of a solar cell under one
constant illumination level [15]. However, this method relies on calculating the differential value dV/dI from
the experimental data, which requires a very smooth I —V curve. Thus, techniques to smooth the experimental
data such as the polynomial approximation method are inevitable.

A widely used method to extract the solar cell parameters is the curve fitting approach [16-19]. The
least squares approach, which is a common method used in curve fitting, extracts the parameters of a solar cell
by minimizing the squared error between the calculated and the experimental data. However, the current in
Eq. (1) constitutes an implicit function, i.e. it includes the dependent and independent variables (I, V') at the
same time. This implicit nature of Eq. (1) increases the complexity and difficulty of the parameters’ extraction.

An explicit analytic expression for I or V can be obtained with the help of the Lambert W function
[20-25,27,28]. Jain et al. [20] have used the Lambert W function to study the properties of solar cells. However,
their study is validated only on simulated I — V' characteristics instead of extracting the parameters from the
experimental I —V data. Later, Ortiz-Conde et al. [23] proposed a method to extract the solar cell parameters
from the I —V characteristics based on the Lambert W function. They first calculated the Co-content (CC)
function from the exact explicit analytical expressions, and then extracted the device parameters by curve fitting

[23]. However, the CC remains a function of I and V', and thus the fitting process is a bi-dimensional fitting
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process. Another method to extract all the parameters of a solar cell from a single I — V' curve under constant
illumination level using the Lambert W function has been suggested by Zhang et al. [24]. They have reduced
the number of the parameters, so that the expression for I only depends on a, R, and Ry, . Then the analytic
expression was directly used to fit the experimental data and extract the device parameters. Later Aazou and
Assaid [25] determined the physical parameters of real photovoltaic solar cells without any approximation using
MAPLE software [26]. Their work relied on the method proposed by Ortiz-Conde et al. [23]. Recently, a
method to determine the values of Rs; and Ry, at the maximum power point using a multivariable version of
the Newton—Raphson technique has been proposed by Ghani and Duke [27]. In their work the equations that
describe the behavior of the PV system are based on the Lambert W function. Later Ghani et al. [28] suggested
a method to determine Ry, Ry, and a by modifying the method in Ghani and Duke [27].

In the present work, a new method to extract PV system parameters based on the Lambert W function
and knowledge of the experimental data or the information available from the datasheet is described. It has
been applied successfully to analysis of various types of solar cells and solar modules/arrays at a given insolation

level and temperature.

2. Modeling of PV devices
The 5-parameter model Eq. (1) assumes that the dark current of a PV system can be described by a single

exponential dependence modified by a diode quality factor a. The values of the 5 parameters in the equation
must be determined in order to accurately reproduce the I —V curve of a PV system. In principle, this requires
5 equations containing 5 unknowns that should be solved simultaneously to obtain the values of the parameters
[29-31]. Eq. (1) is an implicit equation and cannot be solved analytically. However, an explicit form of current
as a function of voltage, i.e. I = f(V), can easily be obtained in terms of the Lambert W function using

MAPLE software. This form is given by the following equation:

RsIo,Rsh exp

Rap (RsTpp+RsTo+V)
aVi(Rsp+Rs)

aVi(Rs+Rsn) ) (2)

7 \% N aVi; | —LambertW
Ry R,

+ Rsn(RsIpn+RsIo+V)
th(Rs}L+Rs)

Another form V = f(I) can easily be obtained in terms of the Lambert W function with the aid of MAPLE

software. This form is given by the following equation:

I,Rsp —Rsp (L — Ly — 1,
V = —I(Rs+ Rsp) + IpnRsp — aViLambertW ( " exp < n Lk ))> + IoRsh, (3)
aV; aVy

where LambertW is the Lambert W function, which can be solved numerically. Eq. (2) has an analytical form
and it is very convenient for use in computer programs to reproduce the I — V' curves of a solar cell when
knowing all the parameters. However, this expression is still unsuitable for the purpose of extracting the device
parameters [23]. When it is used in curve fitting to extract the device parameters, very large errors can be
introduced. This is mainly caused by the very large difference between I, and I, [24]. Although both I, and
I, are currents and have the same unit, the difference between their values is usually larger than 6 orders [24].

At short circuit condition, i.e. at I = I,., we have V = 0; thus Eq. (2) becomes

RsIoRsh ex <Rsh (Rsth + RsL))))) + Rsh (Iph + Io)
aV, (R + Re) " P\ aVi (Ren + Ry) Raw + Ry

I, = aRVt (—LambertW (

(4)
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At open circuit condition V' = V,. we have I= 0; thus Eq. (3) becomes

IR, Ry (I + I
Voe = Rsn (Ipn + I,) — aViyLambertW | =° sh exp n (Ipn + 1) . (5)
aVy aVi

At the maximum power point V = V,,,,,, I = L, Eq. (2) has the following form:

IoRanRe Ren(ReIpn+Ralo+Vinp)
s 1 [ =Vip+ (—aV}LambertW (GW(RS:JrRS) exp ( ' th(;%sthRs) ))) ©)
mr R Ran(RsIph+RsIo+Vinp)
s\t Run TR

Multiplying both sides of Eq. (2) by V', the power P(V') is obtained as

Vv LambertW an‘(’%hfﬁ_) exp (RSh'EZI\%ng+f§IB+V)))
P(V) = Rf _V - a‘/; _ Rsh(RsIPh"l‘RsIo""Vh) " . (7)
S a‘/t(RSthRS)

An additional equation can be derived from Eq. (7) using the fact that on the P — V characteristics of
a PV system at the maximum power point the derivative of power with respect to voltage is zero. Thus,

by differentiating Eq. (7) with respect to V and evaluating dP(V)/dV = 0 at the maximum power point

(V =Vip, I = IL,,) one gets Eq. (8):
dP(V)
(%5 >vm,, ~0. (5)

Similarly, one can obtain the power P as a function of I as

IR, —Rsp (I — L, — 1,

P(I) =1 | =R I — IRy, + Iy Rey — aV,LambertW " eap nll = In = 1)\ | IRa ). (9
aVy aVy

A new additional equation can be obtained using the fact that on the P — I characteristics of a PV system at

the maximum power point the derivative of power with respect to current is zero. Thus, by differentiating Eq.

(9) with respect to I and evaluating dP(I)/dI = 0 at the maximum power point (V = V,,,,,, I = I,,,) one

gets Eq. (10):
(%), @

The final expressions of Eq. (8) and Eq. (10) are omitted due to lack of space. In principle, solving Egs.
(4), (5), (6), (8), and (10) simultaneously will give the values of the 5 unknown parameters. However, this
approach is still unsuitable for the purpose of extracting the device parameters. This is mainly caused by the
very large value difference between I, and I,;. Recalling that I, is slightly larger than I, one can try solving
simultaneously any subset of 4 equations from a set of 5 equations (Egs. (4), (5), (6), (8), and (10)) to obtain
values of I,, a, R,, and R, while increasing the value of I, in small steps starting from the I,. value. This
can be achieved easily by a simple do loop. MAPLE’s fsolve command, which is a powerful tool to numerically
compute a system of simultaneous equations, is used to find the unknown parameters. The algorithm of the
method proposed to determine the values of I, I, a, Ry, and Ry, is summarized by Figure 2. More details
on the current approach to calculate the parameters will be presented in the next section when discussing the
Si (RTC France) silicon solar cell.
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Figure 2. An algorithm of the proposed method to determine the values of I,n, o, a, Rs, and Rgp.
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3. Results and discussion

From the modeling section, it can be seen that the proposed method relies on values of Is., Vi, Inmp, and Vi,
being known. Normally, the values of Is., Voc, Imp, and Vi, can be obtained directly from the manufacturer’s
data sheet or from the experimental data [15]. However, sometimes the I —V characteristics are only measured
in the “active” quadrant of the solar cell without even measuring Is., Voc, Imp, and Vi, directly, or sometimes
the density of the points is not sufficient to unambiguously determine their values. Under such condition, I,
Voc, Imp, and Vi, can be obtained by interpolation method or derived from the approximate I —V polynomial
expression [15]. Thus, Isc, Voe, Imp, and Vi, can be determined to a high degree of accuracy for most cases
and then the proposed method can be used. In this work, values of I;., Vi, Ipmp, and Vi, corresponding to
various PV systems were obtained from the literature (see Table 1). On the other hand, the experimental I —V
data were deduced from the published literature using imageDIG digitizing software except for the I —V data
of MSX60 module, which is available online [32].

Table 1. Values of Is., Voe, Imp, and Vi, corresponding to solar cells and modules used in this work.

PV system Isc A | VooV | Inp A Vip V.| Ng | T°C
RTC Si solar cell ¢ 0.760 | 0.5728 | 0.69119 | 0.45 1 33
Si Photowatt PWP201 module ¢ | 1.03 16.778 | 0.89789 | 12.6 36 | 45
MSX60 module 3.81 21.1 3.50 17.14 |36 | 25
KC200GT module ¢ 8.21 329 7.61 26.3 54 | 25
Organic solar cell ¢ 0.0046 | 1.2 0.00336 | 0.8 1 20
DSSC solar cell © 0.0021 | 0.7 0.00169 | 0.51 1 20

2See Ref. 16, ®See Ref. 28, “See Ref. 34, ¢See Ref. 15, ®See Ref. 19.

The single-diode model in Eq. (1) can describe not only the I — V' characteristics of standalone solar cells
but also the electrical properties of multijunction solar cells, modules, and arrays where the cells are connected
in series and/or parallel. Various types of solar cells have different properties. To test the validity of the
proposed method, it will be applied to extract the parameters from the experimental data of various solar cells
and modules. These devices include a silicon solar cell, silicon solar modules, an organic solar cell, and a dye
sensitized solar cell (DSSC).

3.1. Application to a silicon solar cell

The proposed method is applied first to extract the parameters values of a 57-mm-diameter commercial Si (RTC
France) silicon solar cell at 33 °C [16]. The parameters extracted by the current method are summarized and
compared with published values in Table 2. Figure 3a illustrates a comparison between the corresponding I —V
curve reconstructed using the extracted parameters and the experimental data related to the same device. It is
clear that the theoretical curve (solid line) is in very good agreement with the experimental data (points).
The mathematical and experimental variations of power with voltage for the Si (RT'C France) silicon solar
cell at 33 °C are illustrated in Figure 3b. The absolute errors between the calculated and the experimental
current and power as a function of voltage are shown in Figure 3c. It can be seen that the absolute errors of

the current and the power turn out to be insignificant but they tend to increase near the open circuit voltage.
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Table 2. Extracted parameters by the current method and the previous work of various solar cells and solar modules.

Cell or module/array In (A) | I (uA) | Rs(Q2) | Ron (kQ) | a

Si (RTC France)

Previous work ¢ 0.7608 0.3223 0.0364 | 0.0538 1.484
Previous work ? 0.7609 0.4039 0.0364 | 0.0495 1.504
Previous work € 0.77 0.2 1.037 | 0.032 1.4
Previous work ¢ 0.7611 0.2422 0.0373 | 0.042 1.4561
This work 0.7605 0.209 0.0403 | 0.0613 1.4391
Si Potowatt PWP201

Previous work ¢ 1.0318 3.2876 1.2057 | 0.549 1.346
Previous work ° 1.0359 6.77 1.146 | 0.2 1.426
Previous work ¢ 1 2.3 1.3 0.83 1.306
Previous work ¢ 1.0332 1.597 1.313 | 0.6023 1.274
This work 1.033 4.1883 1.2263 | 0.4219 1.3742
MSX60 solar module

Previous work® 3.812 0.1866 0.178 | 0.358569 | 1.358
This work 3.813 0.0645 0.2165 | 0.274937 | 1.277
KC200GT solar module

Previous work® 8.215 0.04812 | 0.247 | 0.41489 1.235
Previous work/ 8.21 0.09825 | 0.221 0.415405 | 1.3
This work 8.214 0.69127 | 0.239 | 0.490218 | 1.277
Organic solar cell

Previous work® 0.0047 0.92 48 1.4 5.8
This work 0.0048 0.323 46.38 1.0741 5.0877
DSSC solar cell

Previous work¥ — 0.035 43.8 3.736 2.5
Previous work € 0.0021 0.023 42 3.2 2.5
Previous work? 0.002085 | 0.015143 | 44.7 3.285 2.3865
This work 0.00212 | 0.078626 | 25.729 | 2.714 2.7525

@See Ref. 16, ®See Ref. 17, See Ref. 15, ?See Ref. 24, ©See Ref. 31, 7 See Ref. 33, 9 See Ref. 19.

As mentioned before, the MAPLE fsolve command was used to solve simultaneously any subset of 4
equations from the set of 5 equations (Egs. (4), (5), (6), (8), and (10)). A simple do loop can be used to search

for solutions of I,, a, Rs, and R, by varying the value of I, in steps according to the following formula:
Iph:Isc+n~A, (1].)

where n =0,1,2,3,...... ,I. Here, A is a small increment of current, and [ is the number of iterations performed
by the do loop.

For the (RT'C France) solar cell, I,. = 0.760 A, one started looking for simultaneous solutions by assigning
[ =18 and A = 0.0001 A. Solutions were started to be found at n = 2 and ended at n = 16. Figure 4 illustrates
the variations of I,, a, R,, and Ry, with respect to the incremental increase in I,;,. In order to choose the
most accurate values of the parameters I, I,, a, Rs, and Ry, we apply them to Eq. (2) and then test
the quality of the fit to the experimental data by performing statistical analysis. In this work, one of the

fundamental measures of accuracy, the root mean squared error (RMSE), is used. The RMSE is given by

T Imo e _Ie:v ?
RMSEZ\/Zl ( L:nl p) 7 (12)
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where Inoder and Iz, are the calculated and the measured currents for each value of voltage, respectively, and
m is the number of data points. The most accurate set of the parameters I, I,, a, Rs, and R, is the set
that can reproduce the I —V characteristics when applied to Eq. (2) with the lowest RMSE value. The current
method reveals that the most accurate I, I,, a, Rs, and Ry, values for the RT'C solar cell are those listed
in Table 2. The calculated values of the parameters I, I,, a, Ry, and Ry, are very close to those published
in the literature except for Ry in Ishibashi et al. [15], which is larger than the value determined by this method
or reported by others (see Table 2). The absolute errors of the calculated I,, a, Ry, and R, with increasing
I,y are depicted in Figure 5.
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Figure 3. Si (RTC France) solar cell at 33 °C, 1000 W/m?. (a) I —V characteristics. (b) P —V characteristics. (c)

The variations of absolute errors of current and power with respect to voltage. In (a) and (b) points are experimental
data, line is calculated data.
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In the above, the sensitivity and the robustness of the proposed method have been discussed. In the

following, we will not discuss them again but just apply them to various solar cells and modules.
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Figure 5. The absolute errors of I,, a, Rs, and Ry, with incremental increase in Iy, .

3.2. Applications to silicon solar modules

3.2.1. Photowatt-PWP 201 module

The parameters of a silicon solar module (Photowatt-PWP 201) in which 36 polycrystalline silicon cells are
connected in series are also investigated by the proposed method and the results are shown in Table 2. The
measured I —V data of the Photowatt-PWP 201 solar module are taken from Easwarakhanthan et al. [16].
Figure 6a illustrates the experimental data of the solar module (points) and the calculated I — V curves using
the parameters extracted in this work (solid line). One previous work [15] gave a low value of I, and thus a
low value of I;. (see Tables 1 and 2). This may be attributed to using only a small part of the experimental
data far from the short circuit point, and thus some information from the experimental data is lost. Another
previous study [17] gave a smaller value of Rg;, and a larger value of a (see Table 2). This will cause a deviation

between the calculated and the experimental curves.
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Figure 6. Photowatt-PWP 201 Si module at 45 °C, 1000 W/m?. (a) Current-voltage curves. (b) Power-voltage curves.
(c) Absolute errors of current and power variations with respect to voltage. In (a) and (b) points are experimental data,

line is calculated data.

The P — V characteristics and the variations of absolute errors of current and power with respect to
voltage are shown in Figures 6b and 6c¢, respectively.

3.2.2. MSX60 module
Due to its wide use in traditional photovoltaic applications, the Solarex MSX60 PV module was chosen for
modeling by the proposed method. The MSX60 module provides 60 W of nominal maximum power, and has
36 series of connected polycrystalline silicon cells. The key specifications I, Voe, Imp, and V,, are listed in
Table 1.

The current method is implemented to the PV module and the values of the parameters I, I,, a, Rs,

and Ry, are listed in Table 2. The experimental data points shown in Figure 7a are taken directly from the

manufacturer’s published curves [32]. The model curve matches the experimental data well. Figure 7b shows

10
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the power—voltage curve. Again the discrete experimental data points show good correspondence to the model.
Figure 7c also shows the absolute errors of current and power with respect to voltage.
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Figure 7. MSX60 solar module at 25 °C, 1000 W/m?. (a) Current versus voltage characteristics. (b) Power versus
voltage characteristics. (c¢) The variations of absolute errors of current and power with respect to voltage. In (a) and

(b) points are experimental data, line is calculated data.

3.2.3. KC200GT solar module

The next selected module is the KC200GT high efficiency multicrystal photovoltaic module by the Kyocera
Corporation with 54 cells connected in series [33,34]. The electrical characteristics Isc, Voe, Imp, and V,,,shown
in Table 1 are provided by the manufacturer’s specification sheet. These characteristics are applied to the
proposed method and the extracted parameters are listed in Table 2. The mathematical curves for current—

voltage and power—voltage fit the experimental data perfectly as illustrated in Figures 8a and 8b. Figure 8c
shows the absolute errors of current and power with respect to voltage.

11
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Figure 8. KC200GT solar array at 25 °C, 1000 W/m?. (a) Current-voltage characteristics. (b) Power-voltage
characteristics. (c) Absolute errors of current and power variations with respect to voltage. In (a) and (b) points are

experimental data, line is calculated data.

3.3. Application to an organic solar cell

Organic solar cells are generally characterized by 2—4 orders of magnitude larger series resistance values and
by smaller shunt resistance values than classical silicon solar cells [24,29]. The photocurrent in organic solar
cells is generally about 1000 times smaller than for classical silicon cells [24]. However, the current approach is
adapted well to analysis of an organic solar cell. An example of an organic solar cell is presented in Figure 9a.
It is clear that the theoretical I —V curve obtained by using the calculated parameters (see Table 2) is in good
agreement with the experimental curve obtained from the literature [15]. Figure 9b shows that the calculated
P —V characteristics are also in good agreement with the experimental P — V characteristics. The agreement
between the calculation results and the experimental data indicates that the proposed method is suitable not
only for a silicon solar cell but also for organic solar cells. Figure 9c illustrates the absolute errors of current
and power with respect to voltage.
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Figure 9. An organic solar cell at 20 °C, 1000 W/m?. (a) I — V characteristics. (b) P — V characteristics. (c) The
variations of absolute errors of current and power with respect to voltage. In (a) and (b) points are experimental data,

line is calculated data.

3.4. Application to a DSSC solar cell

Finally, the proposed method is applied to a dye sensitized solar cell (DSSC). The experimental data of a
DSSC are obtained from a previous work [19]. In that work, the method requires that the parameter a is
fixed to some constant value and then the other parameters are extracted. However, any method that requires
fixing an unknown parameter can never yield accurate values of the other parameters. Another study [15] can
extract all the parameters, but it requires that the experimental I —V data must be smooth enough, and thus
these data have to be approximated by a ninth-degree polynomial expression [15]. Compared to these previous
investigations, the current method can be used directly to extract the parameters from raw data. Figure 10a
shows that the I — V experimental and the mathematical curves are matched well. Furthermore, Figure 10b
shows that the experimental and the calculated P —V curves are in agreement. Figure 10c shows the variations
of absolute errors of current and power with respect to voltage.
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Figure 10. A DSSC solar cell at 20 °C, 1000 W/m?. (a) I—V curves. (b) P—V curves. (c) The variations of absolute

errors of current and power with respect to voltage. In (a) and (b) points are experimental data, line is calculated data.

4. Conclusions
In this article a method based on the Lambert W function approach is applied to analysis of various types of
solar cells and modules at a given insolation level and temperature. The experimental data of the PV devices

were obtained from the literature. Some of these devices are silicon solar cells and modules in addition to
organic and DSSC solar cells. The calculated parameters I, I,, a, R, and Ry, are in good agreement with

those obtained in the literature. The model’s I — V' characteristics and P — V' characteristics are found to be
in good agreement with the experimental data.
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