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ABSTRACT

The present work evaluates the effects of different solar radiation values (350, 400, 650,
900, and 1000 W/m?) and module temperature on the monocrystalline solar module output
current, voltage, and power. A five-parameter model was chosen to design a simulation
program to study and analyze the effects of irradiance and temperature on the output power
of a solar module. Solar modules are defined by electrical factors like open circuit voltage,
short circuit current, maximum power, maximum current, and maximum voltage, that not
supplied by the manufacturer. The proposed work is suggested for the accurate
determination model of a mono-crystalline solar module. Ideality factor calculation is by
using the mathematical function, Lambert W function and series, and shunt resistances lead
to extracting solar module parameters. The fitness of the five-factor formula is related to the
lower RMSE average values. The average root mean square error of measured current-
voltage values with the corresponding calculated values by the five-parameter model was
calculated (0.0667). The lowest value of the root mean square errors of measured voltage-
current characteristic values with the calculated ones is 0.022 at irradiance of 1000 W/m?
and module operation temperature of 25 °C. Certainly will enhance the present work's
fitness, represented by measured data or calculated model data with RMSE equal to 0.0667.
It noted that the present work is so close to other important previous work, and that
certainly enhances our work fitness (represented by measured data or calculated model
data) with a 0.46 percentage of power drop per degree centigrade.

Keywords: Extracting, Lambert function, Power, Solar module temperature, Solar radiation

1. INTRODUCTION

Nowadays, electricity production is a critical problem all over the world because of
population and industrial growth. Sustainable energy in its different forms is considered the
main domain for electricity production (Ma et al., 2014). Furthermore, photovoltaic solar
energy is a significant trend in this field, clean and with no emissions to the environment
(Villalva et al., 2009). Today, more work has been done for different generation solar
module systems (Kosyachenko et al., 2014; Chatzisideris et al.,, 2016; Xu et al., 2017).
Perovskite is the latest photovoltaic technology, due to its low price and high efficiency
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(Wang et al., 2015; Huang et al., 2015; Kung et al., 2015). Perovskite materials are key to
achieving high solar module performance and activity, and numerous researchers strive to
accomplish this (Haider et al.,, 2020; Cui et al., 2014; Rahul et al., 2017). The first
Pervoskite building was made by Tsutomu Miyasaka's Tokyo-based company with an
efficiency of 2.2% in 2006 (Kojima et al., 2006; Yusuf et al., 2024). Monomers of silicon
crystalline are used in manufacturing solar crystalline modules. The purity of silicon gives
these modules a uniform lock and recognizable shape (Messenger and Abtahi, 2017). They
manufactured a complete control system dependent on the Android control technique, and
they also made a Simulink model using MATLAB functions. Many solar module parameter
extraction methods are available in the literature. According to the intensive survey and
especially for methods of extracting factors, one can classify these methods into analytic,
iterative, and evolutionary computational methods (Raseswari, 2013).

Huge work was done on extracting solar model parameters nonlinear fitting algorithm by
(Kim et al., 2010), approximate analytical methods by (Das, 2012), and exact analytical
methods by (Bayhan et al., 2011), based on the Lambert W-function, which cannot be
expressed in terms of basic functionalities. (Ali et al., 2025a, b) found the four-parameter
model using different methods: slope method, and explicit simplified method. The accuracy
of these methods, as it's compared with the measured data, is 5%, 7.9%, and 9.3%,
respectively. (Katia et al., 2021) made experimental measurements for current, voltage,
and power for two kinds of solar panels. These data were used to extract a four-parameter
model using two different extraction methods. For monocrystalline solar panels, the
percentage errors are 5% and 8% for the iterative method and simplified explicit, while for
the corresponding copper indium gallium diselenide, they are 10% and 9%. More work
concerned with modeling solar modules is available in these references (Hussein and
Hamzah, 2025; Cheng and Zhan, 2016).

The Lambert function is multivalued, namely the branches of the converse relation of the
function f{w) = we¥, where w is any complex number and eV is the exponential function. For
each integer k, there is one branch, denoted by Wk(z), which is a complex-valued function of
one complex argument. Wy is known as the principal branch (Packel et al., 2004).

The scope of the work is to study the environmental conditions on solar panels, the variants
of cell temperature, and their effectiveness on the I-V characteristic curve of PV solar
modules. Also, to extract the five solar module parameters using the Lambert (w) function.
To validate and check the simulation model outputs, the model results are compared with
the corresponding measured data. The proposed work was done to obtain the best values
for extracting the solar module parameters. According to the manufacturer's data sheet,
photovoltaic properties, it is proven that it is necessary to calculate the five factors of the
simulated electric circuit chosen for the solar module. The Lambert W function is used to
estimate the solar panel's electric variables (Ipy, I, Rs, Rsp,)-

This method of parameter extraction uses simple parameter calculations in a simple method,
and with very limited computation time. This simple procedure of calculation is reflected by
a lower mean absolute error MAE, and the minimum of RMSE when compared to the other
recent methods. It requires only the voltage and the current measured in the conditions of
open circuit and short circuit, and the current and voltage of maximum power (MP).

The present proposed work is to calculate solar module electric variables based on the best
and optimal estimation of the ideality factor value. Currently, the new and simple extraction
methods are a challenge for researchers. A new approach is obtained to calculate mono-
crystalline silicon cell five parameters. The present work aims to find the variables from the
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ideality factor calculation using the Lambert function and the parasitic resistances curve
(series and shunt). Absolute and relative errors are also calculated to show the proposed
method over another method.

2. METHODOLOGY

A monocrystalline solar module is positioned just like in Fig. 1. The experimental work was
conducted at the College of Engineering- Energy Department during a period of six months
from January to June 2023. The experimental work was conducted under outdoor exposure
in Baghdad- Al-Jaderia. The readings were taken within the time 9:00 AM-2:00 PM on
selected days, where the atmospheric conditions of clear skies with no clouds, no dusty days,
and no rain fell. To study the effect of temperature variations on solar performance, solar
irradiance must be kept constant and vice versa. Therefore, to have the temperature range
and for more accuracy, the measurements were done for the tested module with five solar
radiation levels: 350, 400, 650, 900, and 1000 W/m?.

The solar module analyzer (Prova 210) needs 10 seconds to make a scan with variable to
supply the I-V and P-V characteristic curves, and this time at outdoor conditions is enough to
have a constant solar radiation. The module is cleaned before the tests. The solar panel is
fixed to the south direction with a tilted angle of 45 © then record the temperature of the back
side of the module (using a thermocouple) and start the IV scanning process, which is done
by the Solar Module Analyzer, then save the data in a laptop. Solar panel and Prova 200
properties are available in Tables 1 and 2, respectively.

PV module
terminal box

PV module back

Figure 1. Laboratory instruments: (a) system set up, (b) PV module.

Table 1. Monocrystalline silicon solar panel properties

Area, | Vo,V | Iy, A| Peak power, | Peak voltage, | Peak current, | No.of | Production
m? w \" A cells data
0.46 21.6 | 3.24 50 17.44 2.88 36 2020

Table 2. Properties of solar panel analyzer (Prova 200)

Battery type Rechargeable, 2500mAh (1.2V) x 8

AC adaptor AC 110V or 220V input DC 12V / 1~3A output
Dimension 257(L) x 155(W) x 57(H) mm

Weight 1160g / 40.00z (Batteries included)
Operation environment 0°C~50°C,85%RH

Temperature coefficient 0.1% of full scale / °C (<18 °C or>28°C)
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3. PHOTOVOLTAIC SYSTEM PARAMETERS EXTRACTION

The five-parameter model (Van Dyk et al., 2004) will be used at three operating conditions
on the curve of [ & V:

V + IRy V + IR
I=Ipv—10[exp( )—1]—

AVr R
Where V.= NkT/q
The diode thermal voltage Vr, the Boltzmann constant K, the electron charge g, and solar cells
connected in series N. The short-circuit operating point when V=0

(1)

p

IsR IscR
= e (1) 1]
The open-circuit operation point, V=Vocand [ =0
0=1 —Io[exp<%c)—1—& 3)

by AVr R,

The open-circuit operating point, Vmp,and [ = Imp

Vinp + InpRs Vinp + LnpRs
] e ) o R e @
o _ |4 ol +1=0 5
v v )

Setting maximum power condition (g—§:0) to Eq. (5) will result in Eq. (6), which is obtained

(Sera etal., 2007)

ol Ly

Wl[’mp,Vmp] =~ Kp (6)
a Iy (1+dIR)[ <V+IRS) 1(1+d1R> 7
av— A, T ar s 1EP \Tan, R\ v ™

Neglecting the second term on the Eq. (1) in the right side (Van Dyk et al., 2004):

Rp +R

Ipv = R—PS sc ®)
From Eqgs. (2) and (7), the saturation current can be reduced (Cubas et al., 2014)

Iy = ((R +R )I -V, )/Rp exp exp (£> 9

P s)isc oc AVT
Eq. (10) is attained from Egs. (4), (8) and (9) (Sera et al., 2007)
Voc - RsISC Vmp + ImpRs - Voc Vmp + Imp - IscRs

o (e B g ()t

From Egs. (8) to (10) An implicit expression series resistance Rs is obtained (Sera et al.,
2007):
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AVTVimp (2Imp—Isc) _ (%np+hnpRs—wm)
=exp | ————
(Vemplse+Voc(Imp=1sc) ) (Vinp=TmpRs)=AVT (Vimplsc=Voclmyp) Avy

(11)

The Rp expression results from the combination of Egs. (10) and (11) (Sera et al., 2007):
R = (Vimp = ImpRs) (Vimp + Rs(Ise — Imp) — AV (12)
p =

(Vinp = ImpRs) (lse = mp) = @Vrlmp

Eq. (12) resolution and assisting of the Lambert (W) function (Packel et al., 2004) will have
Rs series resistance

Z=W(z)e"® (13)

Where z is any complex number.
The Lambert w function has sub-function, the first wo(x) and the second w-1(x), (Packel et
al,, 2004):

Wx) ={W,(x), x=-1W_;(x),
x < -1 (14)

W) ={Wo(x),x=—-1W —1(x),x < -1}

W domain:
> [-1/e, 0], the real variable x of of W(x) has a single image.

> X 2-1/e, the real variable x of w(x) has two images.
Lambert's W function in dealing with exponential formulas is to use the equivalence below
(Packel et al., 2004):

x=Ye' o Y=W(x) (15)
Eq. (11) can be written (Sera et al., 2007)
_ Vmp(ZImp - Isc) p <_ ZVmp — Voc n Vmplsc B Voclmp )
(Vmplsc + VOC(Imp - ISC)) AVr Viplsc + Voc(Imp — Isc
_ ImpRs - Vmp n Vmplsc - Voclmp exp ImpRs - Vmp
AVr (Vmplsc + Voc(lmp - Isc)) mVy

VmpISC - %clmp
(Vmplsc + Voc(Imp - Isc))

Using the Eqgs. (15) and (16) becomes (Sera et al., 2007):

+

(16)
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LnpRs — Vinp Viplse — Voclsc
AVT VmpISC + I/()(,‘(I’Inp - ISC)
Vo (2L — 1 2Vmp — Ve
—w, | - mp( mp SC) exp <— mjv oc
(Vmplsc + Voc(lmp - ISC)) ’

N Viplse = Voclmyp > a7
Vinplsc + Voc (Imp = Isc)
From Eq. (17) we obtain Rs(Sera et al., 2007):-
o =22 (e (- ey (-t e
o) as

4. MATLAB-SIMULINK MODEL OF PV SOLAR MODULE

Lambert W function (Packel et al., 2004) with the assistance of Matlab Simulink will be used
to calculate the five factors of the PV panel at room temperature and pressure using a special
program Matlab code that includes equations of each parameter and the data of the module
at STC (Hashim et al., 2018). A MATLAB-SIMULINK model of a PV solar module will study
the influence of different values of solar radiation on the corresponding solar module
operation temperature, and also study the effect of wind velocity on the temperature of the
PV solar module by using a Simulink block diagram. The basis for a Simulink model is the
mathematical equations representing a given system (Hashim et al., 2018). This final
Simulink illustrates measured (Ipy,Vpy, Ppy) in this model and the scope model used to plot
the graph. The simulation modelling of the solar module measured the value of five
parameters (Ipp,I,, Rs, Rsp, A) and operating temperature when inputting the value of
(radiation, ambient temperature, wind speed) that was measured in experimental work is
shown in Fig. 2 a and b (our present modelled Simulink).

> simout1

N
® T, I
G ! ‘ —@ ’7' P Module output current
Irradiance I Iph
30 T v o .E’ ®*
Temperature P ’ v
Complete PV module

HT  loref]

subsystem

lo
lo,ref
@ [ 325 |
G E (28] 5] Treret
D Voc
iph ) M
- -—I‘ R ) s Sy
Temp coef ’7 . 1
7 B ;
— N
Ol e z %
- .
Bog B Toref
273 Tref A
Iscrefl
:
L]
273
(a)
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Figure 2. Simulink model for panel modeling: a. factor model b. Simulink model using a
five-factor model.

5. CASE STUDY

A monocrystalline panel is chosen to examine the present work since its [-V data were
measured at standard testing conditions (STC) (solar radiation of 1000 W/m? and room
temperature of 25°C) and other testing conditions. These other testing conditions are the
solar radiations: 350, 400, 650,900, 1000, and 1000 W/m? with corresponding solar module
operating temperatures: 23, 42, 32, 45, 38, 52 °C, respectively. The solar panel has 36 series
solar cells. The range of calculated values of the ideality factor is 1.25-1.4, see Table 3. Worth
noting that the value of the ideality factor for a semiconductor varies from 1 to 2.

In the present work, it is suggested to work within a closed ideality factor of 1.25-1.4, which
is more suitable for mono-crystalline silicon semiconductor.

Table 3. The variable calculated for the ideality factor

Reference | Test1 Test 2 Test3 | Test4 | Test5 | Test6

Radiation, W/ m2 | 1000 1000 1000 350 400 650 900
Temperature, °C 25 52 38 23 42 32 45

Ipn, A 3.240 3.240 3.240 1.135 1.296 | 2.100 | 2.920
I,, A¥107 0.515 2.2 1.15 4.56 1.35 7.7 1.59

A 1.4 1.36 1.4 1.25 1.27 1.29 1.37
R, Q 0.270 0.387 0.357 0.924 0.883 | 0.525 | 0.410
Rsn, 103.3 110.7 105.8 286.0 256.1 | 1583 | 118.7

6. ACCURACY OF FIVE-PARAMETER MODEL

An Excel sheet has the measured and calculated data at five radiation levels over six months,
and aims to find out the fitness between the measured data and the corresponding extracted
ones. Eq. (19) gives the percentage of error between the measured values and calculated
values (Matlab Simulink) (Hashim et al., 2018):

Matlab Simulink—Laboratory measurments

x 100% (19)

Laboratory measurments

46



A. H. Dawood and E. T. Hashim Journal of Engineering, 2026, 32(2)

Table 4 contains the measured operating solar module temperatures and solar module
efficiencies at the five tested solar irradiance levels: 350, 400, 650, 900, and 1000 Wm-2. This
table shows that the lowest solar efficiency is 9.7% and the highest is 11.8%. The maximum
power is attained at the highest solar radiation, 1000 Wm-2 and the corresponding solar
module temperature is 25 °C at fixed solar irradiance. Decreasing solar module temperature
will lead to an increase in efficiency and power output. That is due to a decrease in reverse
saturation current.

Table 4. Comparisons between measured data and the five-parameter model result at the five
tested irradiance levels: 350, 400, 650,900, 1000 Wm-2.

Solar radiation, Wm-2 350 400 650 900
T¢ exp, °C 17 25 33 45
Nexpi, W 11.8 10.8 10.0 9.7
Pr,exp, W 16.93 17.02 32.94 39.53
Pm,cat, W 14.52 15.21 29.16 36.60
Error, % -14.2 -10.6 -11.5 -7.4
Imexp, W 1.042 1.146 1.986 2.606
Im,cat, W 0.968 1.056 1.798 2.440
Error, % -7.1 7.8 9.4 -6.4
Viexp, W 16.249 14.85 16.59 15.17
Vieat, W 15.00 14.40 16.30 15.00
Error, % -7.7 -4.5 -2.9 -1.1
Solar radiation, Wm-2 1000 1000 1000

T¢ exp, °C 25 38 52

Nexpt, W 9.9 10.1 9.8

Prexp, W 50.15 45.55 43.38

Pr,cat, W 50.75 47.32 43.38

Error, % -1.2 -3.9 0.0

Imexp, W 2.705 2.872 2.698

Imcat, W 2.769 2.915 2.698

Error, % -0.2 1.5 0.0

Vinexp, W 18.327 15.86 16.08

Vicat, W 17.95 16.234 16.08

Error, % -3.5 2.3 0.0

7. RESULTS AND DISCUSSION

Figs. 3 to 9 give the I-V characterization curves given by the Simulink calculation, with the
corresponding measured ones. This model summarizes to good results but reflects poor
output results at low solar irradiance.
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Figure. 3 Measured and calculated I-V characteristic curve of monocrystalline solar panel
atirradiance 350 W m-2 and temperature 23 °C
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Figure 4. Measured and calculated I-V characteristic curve of monocrystalline solar panel
atirradiance 400 W m-2 and temperature 42 °C
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Figure 5. Measured and calculated I-V characteristic curve of a monocrystalline solar panel
atirradiance 650 W m-2 and temperature 32 °C
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Figure 6. Measured and calculated I-V characteristic curve of a monocrystalline solar panel
atirradiance 900 W m-2 and temperature 45 °C
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Figure. 7 Measured and calculated I-V characteristic curve of monocrystalline solar panel
atirradiance 1000 W m-2 and temperature 25 °C
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Figure 8. Measured and calculated I-V characteristic curve of monocrystalline solar panel
atirradiance 1000 W m-2 and temperature 38 °C
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Figure 9. Measured and calculated I-V characteristic curve of monocrystalline solar panel
atirradiance 1000 W m-2 and temperature 52 °C

20 25

Statistical work was done to calculate root mean square error (RMSE) (Ma and Igbal,
1984):

1 1
RMSE = (= ) (I = )2 (20)

j=1

Where n is the number of data, Isi is the itn simulated current, and Imiis the ith measured
current. The RMSE satisfies and evaluates the accuracy of the simulated model. The more
accurate the formula (model) corresponds to low values of RMSE. Fig. 3 shows the
experimental current value and the Simulink current calculated value against the
corresponding voltage values at solar radiation 350 W/m? and module operating
temperature 23 °C. It is noted that close-fitting values at the terminals between the
measured and calculated (Simulink) ones, while more deviation is observed in other curve
zones. This behavior approximately continued in Fig. 4, like Fig. 3, with solar radiation of
400 W/m2and module operating temperature of 42 °C. Fig. 5 summarized the measured and
calculated I-V characteristic curve of the solar panel at irradiance 650 W m-2 and
temperature 32 °C. Fig. 5 shows that all the calculated current values are lower than the
measured one, which explain that the Simulink model has a negative prediction of measured
current values. Fig. 6 shows the measured and calculated I-V characteristic curve of a
monocrystalline solar panel at irradiance 900 W m-2 and temperature 45 °C. Fig. 7: the
measured and calculated I-V characteristic curve of the module at irradiance 1000 W m-2
and temperature 25 °C. For these two figures (Figs. 6 and 7), the obtained results (calculated
and measured ones) are so close to each other. It can be concluded that the model gives
closer results in higher solar radiation,900 and 1000 W m-2. Table 5 gives the estimated
values of RMSE from the model. The fitness of the five-factor model is related to the lower
RMSE average values. At solar radiation 1000 W/m?2 (Test 5), the RMSE value is 0.022. That
means the closed I-V measured and the I-V simulated are compared to each other.

Table 5. RMSE for the seven tested cases

Test 1 Test 2 Test 3 Test 4 Test5 Test 6 Test 7
G, Wm- 350 400 650 900 1000 1000 1000
Tc, oC 23 42 23 45 25 38 52
RMSE 0.109 0.116 0.103 0.069 0.022 0.023 0.026

50



https://www.sciencedirect.com/topics/mathematics/mean-square-error

A. H. Dawood and E. T. Hashim Journal of Engineering, 2026, 32(2)

Alinear relationship exists between solar radiation and solar panel output power. Also, there
is linear proportionality between solar radiation and PV module short circuit current (Is)
(see Table 6, tests 1, 3, 4, and 5 for measured Isc). An exponential proportionality between
solar radiation and open circuit voltage (Voc), and its values change slightly with the intensity
of solar irradiance values (See Table 6 tests 5, 6, and 7 for the measured Voc).

Atmospheric temperature has a direct effect on the solar panel's operating temperature.
Solar module temperature increases lead to a very small increase in short-circuit current.
However, open circuit voltage is extremely affected by increasing solar panel temperature to
more than 25 °C. In other words, the increasing current is proportionally lower than the
decreasing voltage. So, it is clear that low solar module performance and power occur with
increasing operating solar module temperature (See Table 6 tests 5, 6, and 7 for the
measured power values). Table 7 summarizes comparisons with some previous works
available in the literature for the maximum power drop. It is noted that the present work is
so close to other important previous work, and that certainly enhances our work's fitness
(represented by measured data or calculated model data)

Table 6. Measured and calculated V.. and I for the seven tested cases

Test G, Wm-2 Tc, oC Voc, \"/ lsc; A
No. measured | calculated | error, %| measured | calculated | error, %
1 350 23 20.234 20.400 0.8 1.097 1.129 2.9
2 400 42 17.806 17.800 0.0 1.236 1.304 5.5
3 650 32 20.234 20.000 -1.1 2.112 2.107 -0.5
4 900 45 18.772 18.617 -0.8 2.874 2.939 2.3
5 1000 25 21.552 21.606 0.3 3.199 3.239 1.2
6 1000 38 19.484 19.804 1.6 3.256 3.253 0.0
7 1000 52 18.933 19.778 -4.4 3.237 3.253 1.6

Table 7. Maximum power drop comparisons with some previous work.

Study case | Present study | (Hashim et al., 2016) | (Radziemska, 2002) (Buday, 2011)
%/°C 0.46 0.45 0.65 0.5
(El-Shaer et (Dash and Gupta,
Study case al, 2014) (Spataru et al., 2014) 2015)
%/°C 0.25 0.4546 0.446

8. CONCLUSIONS

The present work was done to find the best values for extracting the solar panel parameters.
According to the manufacturer's data sheet, photovoltaic properties, it is proven is necessary
to calculate the five factors of the equivalent circuit model chosen for the solar module. The
Lambert W function allowed us to have access to solar module parameter extraction
(Ipn, 1o, Rg, Rsp, A). The Lambert-W function helped us to develop explicit functions for
parameter calculations. The fitness of the five-parameter model is related to the lower RMSE
average values. The average root mean square error of measured current-voltage values with
the corresponding calculated values by the parameter model was calculated (0.0667). It is
noted that the present work is so close to other important previous work, and that certainly
enhances our work's fitness (represented by measured data or calculated model data). It is
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recommended to study the modeling in different models, such as two-diode or three-diode
models, and make a comparison between them.

NOMENCLATURE
Symbol | Description Symbol | Description
A diode ideality factor, dimensionless. | q electron charge, 1.6 x 10-19 coulombs
I output current of the solar module, A. | T temperature, °C
Im current at maximum power point, A. |V output voltage of the solar module, V
I, diode current, A Vi voltage at maximum power point, V
Iph solar-generated current, A Vo open circuit voltage, V
Iov output current, A Vo diode thermal voltage, V
Is diode current saturated, A Rp parallel resistance, )
Isc short circuit current, A Rs series resistance, ()
K Boltzmann constant 1.3805*10-23 | Ry shunt resistance, ()
(Joule/k)
N No. of solar cell connected in series n solar cell efficiency, %
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