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Abstract: This paper proposes a novel model for a PV cell with parameters variance dependency on 7 
temperature and irradiance included. The model relies on commercial available data, calculates the 8 
cell parameters for standard conditions and then extrapolates them for the whole operating range. 9 
An up-to-date review of the PV modeling is also included with series and parallel parasitic 10 
resistance values and dependencies discussed. The parameters variance is analyzed and included 11 
in the proposed PV model, where the self-heating phenomenon is also considered. Each parameter 12 
variance is compared to the results from different authors. The model includes only standard 13 
components and can be run on any SPICE-based simulator. Unlike other approaches that consider 14 
the internal temperature as a parameter, our proposal relies on air temperature as an input and 15 
computes the actual internal temperature accordingly. Finally, the model is validated via 16 
experiments and comparisons to similar approaches are provided. 17 
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1. Introduction 20 

PV cells have been extensively studied in the last decades [1-8] as solar energy is more and more 21 
accepted as a viable alternative to traditional energy sources. Modeling the PV behavior is useful for 22 
system design, planning, research and training. The goal of this work is to develop an accurate model 23 
for a PV Cell, expandable to a whole module, using affordable tools and taking into account 24 
parameters variations. LTSpice [9] was chosen as the simulation tool due to its free cost and wide 25 
acceptance, Visual Studio Express [10], also a free tool, was used for parameters estimation and 26 
solution validation. Finally, S-Math Studio [11] was selected for the trial and error different 27 
evaluations. The solution implies a reasonable computing power and provides fast convergence. The 28 
model itself is portable, as it uses only standard components and is also vendor independent. The 29 
input data is usually provided from the manufacturer’s datasheet or can be obtained via experiments. 30 

Unlike other approaches, the model input temperature is the ambient/air temperature, and 31 
based on actual irradiance the model calculates the internal (silicon) temperature and provides the 32 
actual I-V and P-V curves.  33 

The paper is organized as follows: Section 2 briefly analyzes the classical PV model and its 34 
equations. Section 3 deals with the information provided by the PV cell datasheet and the equipment 35 
involved in measurements. Finding the solution for the PV cell model is analyzed in section 4, with 36 
section 4.1 introducing the solving algorithm. A review of parameters variation is the subject for 37 
Section 4.2, including the real operating conditions, when the PV solar cell is selfheating. The new PV 38 
cell model is proposed in Section 4.3, the experimental results are exposed in Section 5, while 39 
conclusions are presented in Section 6. 40 

 41 
 42 
 43 
 44 
 45 
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2. The Classical PV Cell Model 46 

The equivalent circuit of a solar cell is investigated in several prior works [12 – 38]. It is generally 47 
accepted that a PV cell can be modeled by the circuit in Figure 1, including one [12 - 32], two [33 – 35] 48 
and rarely three or more diodes [36 - 37]. 49 

 50 
Figure 1. Equivalent circuit of a photovoltaic cell. 51 

 52 
In Figure 1, ܫ௣௩ current source models the photo generated current, with a linear dependency 53 

on the irradiance. The first diode, ܦଵ, is associated with the diffusion mechanism. The second diode, 54 ܦଶ, is inserted to include the effect of charge recombination. Resistance ܴ௦ represents the cell series 55 
resistance and resistance ܴ௦௛ the cell parallel (shunt) resistance. Resistance ܴ௦ is related to losses in 56 
cell solder bonds, wires, junctions and so on and it is usually bellow 1Ω. Resistance ܴ௦௛  is related to 57 
the leakage current through the high conductivity shunts across the p-n junction and is usually in the 58 
order of ten of ohms to several kΩ. The circuit in Figure 1 can be extended to any combination of ݊௦ 59 
series – ݊௣ parallel cells within a PV module (array). In this paper we shall consider only one diode 60 
in the model, ܦଵ , neglecting ܦଶ . The equations will be provided in a general form, while the 61 
simulations and experiments will be conducted for a single cell, that is for ݊௦ = ݊௣ = 1. 62 

Referring to Figure 1, according to Kirchhoff’s current law (KCL), one can write: 63 

ܫ = ௣௩ܫ − ଴ଵܫ ቊexp ቈݍሺܸ + ௦ሻܽଵ݊௦ܴ݇ܶܫ ቉ − 1ቋ − ܸ + ௦ܴ௦௛ܴܫ  (1) 

 64 
where ܫ଴ଵ  is the diode reverse saturation current, ݍ  is the electron charge, ݇  is the Boltzmann 65 
constant, ܶ is the actual silicon temperature and ܽଵ is the ideality factor of the diode. 66 

Current ܫ௣௩ linearly depends on irradiation and temperature [15], [18]: 67 

௣௩ܫ = ൫ܫ௣௩,௥௘௙ + ݇ூ∆ܶ൯  ௥௘௙ (2)ܩܩ

At the maximum power point, using (1), the maximum power ௠ܲ௣ can be derived [22]: 68 

௠ܲ௣ = ௠ܸ௣ܫ௠௣ = ௠ܸ௣ ൜ܫ௣௩ − ଴ଵܫ ൤݁݌ݔ ൬ ݍ݇ܶ ௠ܸ௣ + ௠௣ܴ௦ܽଵ݊௦ܫ ൰ − 1൨ − ௠ܸ௣ + ௠௣ܴ௦ܴ௦௛ܫ ൠ (3) 

Even in (1) and (3) ܫ௣௩ is considered equal to ܫ௦௖, a more accurate formula for ܫ௣௩ is [22]: 69 

௣௩,௥௘௙ܫ = ܴ௦௛ + ܴ௦ܴ௦௛  ௦௖,௥௘௙ (4)ܫ

A good overview of the PV cell performance can be found in [12], where an empirical formula 70 
for the fill factor ܨܨ is introduced, considering the single diode model: 71 

ܨܨ = ݍ ଴ܸ௖ܽଵ݊௦݇ܶ − ln ቀ0.72 + ݍ ଴ܸ௖ܽଵ݊௦݇ܶቁݍ ଴ܸ௖ܽଵ݊௦݇ܶ + 1  (5) 
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3. Materials, Methods and Equipment 72 

For our experiments we have chosen a high efficiency low cost monocrystalline Silicon PV solar 73 
cell, unmounted in panels [39]. The datasheet of the PV cell offers a limited amount of data, 74 
summarized in Table 1.  75 

 76 
Table 1. PV Cell main specifications on STC (1000W/m2, AM 1.5, 25°C) 77 

Symbol Description Value ࢌࢋ࢘,࢒࢒ࢋࢉ,ࢉ࢕ࢂ Cell open circuit voltage 0.699 V ࢌࢋ࢘,ࢉ࢙ࡵ Short circuit current 9.206 A ࢖࢓ࢂ Maximum power voltage 0.572 V ࢖࢓ࡵ Maximum power current 8.756 A ൫࢖࢓ࡼ൯ Maximum power ௠ܲ௣ = ௠ܸ௣ܫ௠௣ (5.21 W) ࡲࡲ Fill factor (81.90%) ࡵ࢑ Short circuit temperature coefficient 0.035 %/K ࢂ࢑ Open circuit voltage temperature coefficient -0.25 %/K ࡼ࢑ Maximum power temperature coefficient -0.41 %/K 
 78 
It is important to note that ௠ܸ௣ = ሺ0.75 … 0.9ሻ ∙ ௢ܸ௖ for any solar cell. This is a good starting point 79 

for any simulation or MPPT algorithm implementation. 80 

The data from the datasheet is confusing, as: 81 

1. The claimed maximum power (5.21W) differs from ௠ܸ௣ܫ௠௣ = 5.01W. This latter value will be 82 
considered subsequently. 83 

2. The claimed fill factor (81.90%) differs from the standard definition ܨܨ = ௏೘೛ ∙ ூ೘೛௏೚೎,ೝ೐೑ ∙ ூ೚೎,ೝ೐೑ = 77.82% 84 

The empirical equation (5) yields an approximate result (ܨܨ ≅ 84.08%) when compared to the 85 
datasheet values (Table 1). 86 

The irradiance was measured with a Klipp and Zonen SHP1 pyrheliometer with integrated 87 
temperature sensor for temperature compensation. The internal silicon temperature was determined 88 
with a FLIR E8 infrared camera and a PT1000 temperature sensor on the rear of the PV cell. In order 89 
to obtain reliable data, the PT1000 temperature sensor was glued with high thermally conductive 90 
adhesive to the backside metal coating of the PV cell. The ambient temperature was measured using 91 
the National Instruments NI USB T01 interface. Due to the extremely low internal series resistance 92 ܴ௦ , several series cells were carefully wired and a Kelvin connection had to be used for voltage 93 
measurements. The measurements were performed under real life conditions, when the solar 94 
irradiance was maximum with the PV cells oriented toward the sun on 45 degree inclined support.  95 
The load was an ET Instrument ESL-Solar, configured in MPPT mode. 96 

 97 

4. Classical Model Solving 98 

Several ways for solving the equations have been proposed [17, 20, 22, 26, 27, 28, 30, 32]. One of 99 
the difficulties is the implicit nature of equation (1) regarding ܫ. This has been addressed by various 100 
techniques, ranging from pure mathematical approaches (including Lambertian W-Function, [31]) to 101 
pure numerical solutions, mainly in MATLAB [5, 6, 16, 35]. Later models [40 - 52] take into account 102 
the parameters variation with temperature and irradiance. However the most common approach 103 
considers the internal PV temperature as an independent parameter and plots the I-V family curves 104 
for different temperatures. This aspect will be covered in the subsequent sections. It has to be stressed 105 
out that the exponential nature of equation (1) determines that a small variation in any of the terms 106 
involved in the exponential term to substantially modify the final result. This aspect will be addressed 107 
in sections 5 and 6. 108 
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4.1. Solving the Equations for the Classical PV Model 109 

The method introduced here is an extension of the method proposed by Villalva et al. [22] and 110 
involves the following steps: 111 

1. Compute ܽଵ 112 
2. For validation purposes determine the limits ܴ௦,௠௔௫ and ܴ௦௛,௠௜௡ 113 
3. For all values between ൣ0, ܴ௦,௠௔௫൧ with ܴ௦,௜௡௖ as increment, numerically solve (1) for the MPP. 114 
4. When the maximum power error is below the imposed threshold error, ܴ௦ is established and 115 ܴ௦௛ can be computed. 116 

A VB.net application has been developed by the authors in order to numerically solve and 117 
compute the model parameters. The application can be downloaded from http://tess.upt.ro. Figure 2 118 
depicts a print screen for the initial parameter passing (a) and the results (b). 119 

 

 
(a) 

 

 
(b) 

Figure 2. VB.net PV Cell solver: (a) Entering parameters values; (b) Getting the solution. 120 

In our case, using the values taken from the datasheet for ݊௦ = ݊௣ = 1, it results that: 121 ܴ௦,௠௔௫ = ଴ܸ௖ − ௠ܸ௣ܫ௠௣ = 14 ݉Ω (6) 

 122 ܴ௣,௠௜௡ = ௠ܸ௣ܫ௦௖,௥௘௙ − ௠௣ܫ − ܴ௦,௠௔௫ = 1.25 Ω (7) 

These limits are important to set reliable ranges for the algorithm. The final results are listed in 123 
Table 2. 124 

Table 2. Vb.net application results 125 
Symbol Description Results ࢌࢋ࢘,࢜࢖ࡵ Photo generated current 9.207 A ࢌࢋ࢘,࢕ࡵ Reverse diode current 1.39427 nA ࢞ࢇ࢓,࢙ࡾ Maximum Rs value (initial guess) 14 mΩ ࢌࢋ࢘,࢙ࡾ Series resistance 3.8 mΩ ࢔࢏࢓,ࢎ࢙ࡾ Minimum Rsh value (initial guess) 1.25 Ω ࢌࢋ࢘,ࢎ࢙ࡾ Parallel resistance 73.19 Ω ࢇ૚,࢘ࢌࢋ Ideality factor 1.2034 ࢌࢋ࢘,ࢍࡱ Bandgap energy 1.795E-19 eV ࢌࢋ࢘,ࢍࢂ Bandgap voltage 1.121 V 
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Several attempts have been made for finding explicit expressions for ܴ௦  and ܴ௦௛  based on 126 
actual datasheet data. For example, Cubas et al. [31] offer the ܴ௦௛ formula (with ܴ௦ as an argument, 127 
considering ݊௦ = 1): 128 

ܴ௦௛ = ൫ ௠ܸ௣ − ௠௣ܴ௦൯ܫ ቂ ௠ܸ௣ − ܴ௦൫ܫ௦௖ − ௠௣൯ܫ − ܽଵ݇ܶݍ ቃ൫ ௠ܸ௣ − ௦௖ܫ௠௣ܴ௦൯൫ܫ − ௠௣൯ܫ − ܽଵ݇ܶܫ௠௣ݍ  (8) 

For the above data, the ܴ௦௛ formula (8) yields a result of 59.43 Ω, compared to the actual value 129 
of 73.19 Ω. 130 

In a simplified model (ܴ௦௛ → ∞), Xiao et al. [18] propose for ܴ௦ the following relationship (again 131 ݊௦ = 1): 132 

ܴ௦ = ܽଵ݇ܶݍ ݈݊ ൤൬1 − ௣௛ܫ௠௣ܫ ൰ ݌ݔ݁ ቀ ݍ ଴ܸ௖ܽଵ݇ܶቁ + ௣௛ܫ௠௣ܫ ൨ − ௠ܸ௣ܫ௠௣  (9) 

Here (9) yields ܴ௦ = 0.7݉Ω, quite far from its actual value (3.8 mΩ). 133 

4.2. Parameters variation for different conditions 134 

The parameters in equations (1) – (4) are not constant over the environmental conditions, as 135 ܫ௢, ܴ௦, ܴ௦௛, ܽ௜, ௚ܧ  depend on temperature and irradiance. A brief review of these dependencies is 136 
provided bellow. 137 

4.2.1. Diode saturation current – ܫ଴ଵ 138 

Phang et al. [13] show that if ܫ௣௩ is below 10A, ܫ଴ଵ can be derived as in (10): 139 

଴ଵܫ = ൬ܫ௦௖ − ௢ܸ௖ܴ௦௛൰ ݌ݔ݁ ൬− ଴ܸ௖ܽଵ்ܸ ൰ (10) 

 ଴ଵ in (10) yields a very good result of 1.3969 nA vs 1.39427nA obtained in Table 2. 141ܫ 140 
Gow and Manning [15] were among the first to claim that: 142 ܫ଴ଵ = ଵܶଷ݁ି௤௏೒௞்ܥ  (11) 

The temperature dependence of this current is more detailed expressed by [16], [20]: 143 ܫ଴ଵ = ଴ଵ,௥௘௙ܫ ൬ ܶܶଶହ൰ଷ ݌ݔ݁ ቈݍ ௚ܸ݇ܽଵ ቆ 1௥ܶ௘௙ − 1ܶቇ቉ (12) 

 144 
where ௚ܸ is the bandgap voltage of the semiconductor ( ௚ܸ = 1.1 … 1.3ܸ for Si at 25 °C).  145 ܫ଴ଵ,௥௘௙ can be derived from (1) at the reference temperature as: 146 

଴ଵ,௥௘௙ܫ = ௦௖,௥௘௙expܫ ൬ ݍ ଴ܸ௖,௥௘௙ܽଵ݊௦݇ ௥ܶ௘௙൰ − 1 (13) 

 147 
According to Vilalva et al. [22], ܫ଴ଵ,௥௘௙ can be further improved: 148 

଴ଵ,௥௘௙ܫ = ௦௖,௥௘௙ܫ + ݇ூ∆ܶexp ቈݍ൫ ଴ܸ௖,௥௘௙ + ݇௏∆ܶ൯ܽଵ݊௦݇ܶ ቉ − 1 
(14) 

 149 
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In subchapter 4.6.3 of [8], van Zeghbroeck states an equation in which ܫ଴ଵ,௥௘௙ can be derived 150 
from, that can offer an alternate way to estimate ܫ଴ଵ,௥௘௙: 151 

௠ܸ௣ = ௠ܸ௣݈݊ 1 + ௢ଵ,௥௘௙1ܫ௣௩ܫ + ௠ܸ௣்ܸ  (15) 

This proves to be not very accurate in our case, as with the values from Table 1, ܫ଴,௥௘௙ from (15) 152 
results 0.085 nA, quite far from the actual value (1.39427 nA). 153 

4.2.2. Band gap energy and bandgap voltage – ܧ௚, ௚ܸ 154 

Van Zeghbroeck [8] shows that the bandgap energy, ܧ௚ , exhibits a small temperature 155 
dependence as in (16).   156 ܧ௚ = 1.166 − 0.000477 ∙ ܶଶ636 + ܶ  (16) 

From (16), ܧ௚,௥௘௙ = 1.121 eV for silicon cells at 25°C. This is the value considered in Table 1. 157 
In contrast, Kim et al. [23] define the variance for ܧ௚ for silicon to be:  158 

௚ܧ = 1.16 − 7.02 ∙ 10ିସ ∙ ܶଶܶ − 1108  (17) 

Both (16) and (17) fit in the [1.1 … 1.3V] interval specified when equation (12) was introduced. 159 
In our approach shown in Figure 3, we adopted the Van Zeghbroeck proposal because it will finally 160 
lead to a more realistic value for ܽଵ and close to the linear approximation of ܧ௚ against temperature 161 
suggested by Radziemska and Klugmann [40], which indicate a temperature coefficient dܧ௚ dܶ⁄ =162 −2.3 ∙ 10ିସ eV K⁄ . 163 

 164 

 165 

Figure 3. ܧ௚ variation against temperature according to several authors 166 

4.2.3. Series resistance – ܴ௦ 167 

Honsberg and Bowden [7] show that ܴ௦ does not influence ଴ܸ௖, but close to the open-circuit 168 
voltage, the I-V curve is affected by ܴ௦. An initial estimation for ܴ௦ is to find the slope of the I-V 169 
curve at the open-circuit voltage point (18): 170 ܴ௦଴ = − d

dܸܫ ฬ௏ୀ௏బ೎ (18) 
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 171 
In our case, ܴ௦଴ = 11 mΩ (while ܴ௦ = 3.8mΩ, as it will later be shown). 172 
Cuce and Bali [43], Cuce et al. [47] and Singh et al. [42] claim that ܴ௦ linearly decreases with the 173 

temperature. Obviously, reducing ܴ௦ yields an increase in the output current. 174 
A PV Cell model is also available in MATLAB Simscape [52]. It consists of the same circuit as in 175 

Figure 1, where the user can choose between: 176 
• An 8-parameter model, where equation (1) describes the output current 177 
• A 5-parameter model that neglects ܦଶ in Figure 1 and the value of the shunt resistor is infinite. 178 

Both models adjust the resistance values and current parameters as a function of temperature. 179 
Resistance ܴ௦ is assumed to be given by (19): 180 ܴ௦ = ܴ௦,௥௘௙ ቆ ܶ௥ܶ௘௙ቇ௞ೃೞᇲ

 (19) 

where ݇ோ௦ᇱ  is the temperature exponent for ܴ௦ . ݇ோ௦ᇱ  is 0 by default and when modified has to be 181 
positive. 182 

Figure 4 summarizes all these above dependencies. In order to have the results in the same range, 183 
Cubas et al. [31] and Cuce et al. [47] results were scaled, and equation (19) was re-written as in (20), 184 
interchanging ܶ with ௥ܶ௘௙ and ݇ோ௦ was estimated as 4.9 for the best fit. A linear dependency is easy 185 
to implement, but might also lead to results not physically true (for example Cuce et al. [47] data lead 186 
to negative ܴ௦ resistances for temperatures over 75°C and so does Cubas et al. [31] over 97°C).  187 

ܴ௦ = ܴ௦,௥௘௙ ൬ ௥ܶ௘௙ܶ ൰௞ೃೞ
 (20) 

where |݇ோ௦ᇱ | = |݇ோ௦ᇱ |. 188 
 189 

 190 

Figure 4. ܴ௦ variation against temperature by several authors 191 

The linear law (21) was adopted for ܴ௦ and we chose ߙோ௦ = −0.01Kିଵ, again for the best fit. 192 ܴ௦ = ܴ௦,௥௘௙ൣ1 + ோ௦൫ܶߙ − ௥ܶ௘௙൯൧ (21) 

 193 

 194 
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4.2.4. Parallel resistance – ܴ௦௛ 195 

Honsberg and Bowden [7] and Jung and Ahmed [25] showed that the shunt resistance of a solar 196 
cell can be determined from the slope of the I-V curve close to the short-circuit point, yielding a fair 197 
approximation for ܴ௦௛: 198 ܴ௦௛଴ = − d

dܸܫ ฬூୀூೞ೎ (22) 

 199 
From Figure 11.a, ܴ௦௛଴ = 73.18 Ω, very close to the accurate solution ܴ௦௛ = 73.19 Ω, as it will 200 

later be illustrated. 201 
Cuce and Bali [43] and Cuce et al. [47] claim that the shunt resistance linearly decreases with 202 

temperature. They explain this decrease in terms of a combination of tunneling and trapping–203 
detrapping of the carriers through the defect states in the space-charge region of the device. These 204 
defect states act either as recombination centers or as traps depending upon the relative capture cross 205 
sections of the electrons and holes for the defect. Temperature dependency for ܴ௦௛ is however more 206 
complicate. 207 ܴ௦௛ is again modeled in MATLAB Simscape like (23): 208 

ܴ௦௛ = ܴ௦௛,௥௘௙ ቆ ܶ௥ܶ௘௙ቇ௞ೃೞ೓ᇲ
 (23) 

where ݇ோ௦௛ᇱ  is the temperature exponent for ܴ௦௛. ݇ோ௦௛ᇱ  is 0 by default and when modified has to be 209 
positive. 210 

Figure 5 summarizes all these ܴ௦௛ equations. In order to bring the results in the same range, 211 
Cubas et al. [31] and Cuce et al. [47 Cuce] dependencies were scaled, and equation (23) was re-written 212 
as in (24) interchanging ܶ with ௥ܶ௘௙ and ݇ோ௦௛ was estimated as 8 for best fit. 213 ܴ௦௛ = ܴ௦௛,௥௘௙ ൬ ௥ܶ௘௙ܶ ൰௞ೃೞ೓

 (24) 

where |݇ோ௦௛ᇱ | = |݇ோ௦௛ᇱ |. 214 

 215 
Figure 5. ܴ௦௛ variation over temperature by several authors 216 

Although ܴ௦௛ influence is small in the overall model, for an accurate modeling and especially 217 
for larger temperature ranges ܴ௦௛ linear variation is not realistic. Therefore in our model described 218 
by (24) we chose ݇ோ௦௛ = 8. 219 
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4.2.5. Ideality diode factor – ܽଵ 220 

Some authors consider the ideality factor as being constant over the operating temperature range 221 
and with a generic value for ܽଵ in the interval [1, 1.5] for every kind of cell [22], [31]. Cuce et al. [29] 222 
propose ܽଵ = 1.2  for monocrystalline silicon cells, and ܽଵ = 1.3  for polycrystalline ones. Some 223 
studies indicate a linear decreasing with temperature [18]. Cubas et al. [31] say that “the lack of 224 
accuracy produced when considering the ideality factor as constant is generally reduced, given that 225 
variations of this parameter only affects the curvature of the I-V curve.” This is arguable, as ܽଵ 226 
interferes in an exponential dependency and small variations of ܽଵ lead to significant changes in 227 ܫ଴ଵ,and finally in ܫ. One might say that picking a random ܽଵ in the above specified range will be 228 
balanced by a different ܫ଴ , so only the pair ሺܫ଴, ܽଵሻ matters. However this approach is misleading, as 229 
it may induce impossible physical solutions.  230 

Phang et al. [13] have the following proposal: 231 

ܽଵ = ൫ݍ ௠ܸ௣ + ௠௣ܴ௦଴ܫ − ଴ܸ௖൯
݇ ௥ܶ௘௙ ൦݈݊ ൮ܫ௦௖ − ௠ܸ௣ܴ௦௛଴ − ௦௖ܫ௠௣ܫ − ଴ܸ௖ܴ௦௛ ൲ + ௦௖ܫ௠௣ܫ − ଴ܸ௖ܴ௦௛଴൪ 

(25) 

 232 
De Blas et al. [17] suggest that: 233 

ܽଵ = ൫ݍ ௠ܸ௣ + ௠௣ܴ௦ܫ − ଴ܸ௖൯
݇ ௥ܶ௘௙݈݊ ൦ܫ௦௖ − ௠௣ܫ ቀ1 + ܴ௦ܴ௦௛ቁ − ௠ܸ௣ܴ௦௛ܫ௦௖ ቀ1 + ܴ௦ܴ௦௛ቁ − ଴ܸ௖ܴ௦௛ ൪ 

(26) 

E. Saloux et al. [28] somehow simplify (26) as below: 234 

 235 
In the algorithm of Villalva [53], a different formula is introduced. Considering that for 236 

crystalline silicon ܧ௚ = 1.8J, ௚ܸ becomes 1.1235V and the following formula provides a good result1, 237 
thus eliminating a trial and error time consuming for the initial guess of ܽଵ: 238 

ܽଵ = ݍ ൬݇௏ − ଴ܸ௖݊௦ ௥ܶ௘௙൰݇ ௥ܶ௘௙ ቆ ݇ூܫ௣௩ − 3௥ܶ௘௙ − ௚݇ܧ ௥ܶ௘௙ଶ ቇ (28) 

The results for ܽଵ are summarized in Table 3, with a very good correlation between (25), (26) 239 
and (28). This is the reason we have adopted the Villalva value of 1.2034. 240 

Table 3. Different ܽଵ values 241 ࢇ૚ accepted 
range 

Phang, 
equation (25) 

De Blas, 
equation (26) 

Saloux, 
equation (27) 

Villalva, 
equation (28) 

1 – 1.5 1.1952 1.2016 1.6377 1.2034 
 242 

                                                            

1 Formula (28) was adapted from [53], as the additional presence of the ݊௦ in the initial formula 
provided correct results only for ݊௦ = 1 

ܽଵ = ൫ݍ ௠ܸ௣ − ଴ܸ௖൯݇ ௥ܶ௘௙݈݊ ൬1 − ௦௖ܫ௠௣ܫ ൰ (27) 
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Xiao et al. [18] specify a linear decreases of the ideality factor with the temperature for the Shell 243 
ST40 module, ranging from 1.85 to 1.15, corresponding to 5 to 45 Celsius degree variance respectively. 244 
From the data plotted in their work, the following law can be adopted: 245 ܽଵ = 7.013 − 0.01875 ∙ ܶ (29) 

Such approach must be taken with extreme care, as it is a common practice to operate often at 246 
temperatures higher than 48°C, where (29) yields ܽଵ = 1 (or 0 at 100°C) 247 

De Soto at al. [20] come with a different proposal: 248 ܽଵ = ܽଵ,௥௘௙ᇱ ܶ௥ܶ௘௙ (30) 

which has a wrong slope. For a proper variation ܶ and ௥ܶ௘௙ should be reversed as follows: 249 ܽଵ = ܽଵ,௥௘௙ ௥ܶ௘௙ܶ  (31) 

 250 
Our experiments presented in Figure 6 yielded a different result, closer to reversed Soto (31), 251 

according to the following linear dependency: 252 ܽଵ = 1.2512 − 0.002ሺܶ − 273.15ሻ (32) 

 253 

Figure 6. ܽଵ vs temperature 254 

4.2.6. Selfheating Phenomenon 255 

It is a common practice to express the internal cell temperature, ௖ܶ௘௟௟  based on Normal 256 
Operating Cell Temperature (NOCT) data, when the module is mounted 45° from horizontal. 257 

௖ܶ௘௟௟ = ௔ܶ௠௕ + ሺܱܰܶܥ − 20ሻ  (33) 800ܩ

Here ܩ = 800 W
mଶൗ , ௔ܶ௠௕ = 20°C and airflow is 1 ݉ ⁄ݏ  [45]. 258 

The internal temperature of the PV was of permanent concern for the researchers [40 - 42], [46], 259 
but in most situations just an uncorrelated dependency is studied. Simply the temperature 260 
dependency of the I-V characteristic without acknowledging neither the real, actual temperature of 261 
the PV nor parameter variation is considered. Advanced simulators software packages include such 262 
features, MATLAB Simscape [52] being one of them. 263 

In a recent work, Krac and Górecki [55] introduced a thermal model for the PV cell, where the 264 
self-heating is modeled. The thermal behavior is modeled by a thermal resistor and a thermal 265 
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capacitor, a voltage source related to the ambient temperature and a current source that represents 266 
the total dissipated power within the PV. They claim that “for the maximum allowable value of the 267 
panel forward current (equal to 8 A), a self-heating phenomenon causes an increase in the panel 268 
temperature value equal only by 12°C.” In our experiments, we acquired a rather extended influence, 269 
ranging from 20 to 30 °C. 270 

Opposite to [54] and [55], the power dissipated by the PV cell is taken into account from the 271 
dissipative elements, which are resistive in our model. The energy flows from the two current sources 272 
to the resistors and the external circuit. Two or three current sources (or even diodes) are used in 273 
order to model different phenomena that take place inside the PV cell, the photoelectric effect and 274 
the behavior of p-n junction [8]. 275 

4.2.7. Open circuit voltage - ௢ܸ௖ 276 

Ishaque and Salam [27] propose for the ௢ܸ௖,௖௘௟௟ the following variation (34), which proves good 277 
correlation with the datasheet info and experimental data – see also Figure 7: 278 

௢ܸ௖,௖௘௟௟ = ଴ܸ௖,௖௘௟௟,௥௘௙ + ܽଵ ݍܶ݇ ݈݊ ௥௘௙ܩܩ + ݇௩∆ܶ (34) 

 279 
Figure 7. ௢ܸ௖,௖௘௟௟ vs Irradiance for different temperatures. Solid and dashed lines are given by (33), while 280 
symbols correspond to experimental data. 281 

Even (34) is not necessary for the model, it is another starting point for computing ܽଵ. 282 

4.3. The New Proposed PV Cell Model 283 

The proposed model is presented in Figure 8. The upper section consists of standard elements, 284 
while the thermal modeling is ensured by the lower section. Here the current source labeled ௗܲ 285 
simulates the power dissipated in the cell, the voltage labeled ௝ܶ is the cell temperature and the air 286 
temperature is modeled by the voltage source ௔ܶ௠௕. The thermal resistance ܴ௧௛ models the thermal 287 
flow through the system structure, in our case the PV cell. The thermal capacitance ܥ௧௛ models the 288 
thermal inertia of the PV cell. Both ܴ௧௛  and ܥ௧௛  emulate all thermal transmission phenomena 289 
(conduction, convection and radiation) and depend of the materials, the finishing of the surfaces and 290 
on the mechanical dimensions of the system. 291 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 7 December 2017                   doi:10.20944/preprints201712.0040.v1

Peer-reviewed version available at Energies 2018, 11, 36; doi:10.3390/en11010036

http://dx.doi.org/10.20944/preprints201712.0040.v1
http://dx.doi.org/10.3390/en11010036


 

 

 292 
Figure 8. The new proposed electrical and thermal model of the PV cell. 293 

The practical LTSpice model implementation is depicted in Figure 9. The upper circuit addresses 294 
the standard conditions (for reference and validation), while the middle section deals with the 295 
thermal model of the PV solar cell. The power associated with the circuit also includes the power due 296 
to the irradiance scaled with the cell area and the electrical power dissipated in ܴ௦ and ܴ௦௛.  297 

 298 

Figure 9. LTSpice PV Cell proposed model. 299 

The thermal parameters ܴ௧௛ and ܥ௧௛ were extracted from experimental data. After a set of data 300 
was acquired, the temperature against time curve variation was fit and the time constant and the 301 
steady state value were determined. Unlike Górecki and Krac [54 - 56], we considered no dissipated 302 
power occurs in the BD2 current source of the model in Figure 9, as it makes no physical sense.  303 

 304 
 305 
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5. Experimental Results 306 

Figure 10 exhibits the simulated and the measured internal temperature of the PV cell and the 307 
dissipated power variation. It is worth mentioning that the corresponding NOCT for the temperature 308 
in Figure 9 is 47.2°C. 309 

 310 

Figure 10. PV Cell dissipated power and temperature variation against voltage at STC. 311 

Table 4 summarizes the main results for both the proposed model and the experiments 312 
performed for the PV cell. It can be observed that perfect agreement between the simulated and 313 
measured results is achieved. 314 

 315 
Table 4. Comparison of the results at STC (25 Celsius, 1000 W/m2) 316 

Symbol Description 
Datasheet 

Value 
Proposed 

Model 

Model Error  
vs Datasheet 

[%] 

Experimental Values 

Results 
Error vs 

Datasheet [%] ࢌࢋ࢘,࢒࢒ࢋࢉ,ࢉ࢕ࢂ Cell open circuit voltage 0.699 V 0.6985 V -0.07% 0.693 V -0.86 ࢌࢋ࢘,ࢉ࢙ࡵ Short circuit current 9.206 A 9.206A 0% 9.221 A 0.16 ࢖࢓ࢂ Maximum power voltage 0.572 V 0.575 V 0.52% 0.569 V -0.52 ࢖࢓ࡵ Maximum power current 8.756 A 8.705 A -0.58% 8.731 A -0.29 ൫࢖࢓ࡼ൯ Maximum power ௠ܲ௣ = ௠ܸ௣ܫ௠௣ 
5.01 W 5.005 W -0.06% 4.968 W -0.81 ࡲࡲ Fill factor 77.83% 77.84% 0.01% 77.52% -0.40 

 317 
The final validation of the model is presented in Figure 11 and Figure 12. Here the I-V and P-V 318 

characteristics of the PV cell are plotted at the reference temperature and at the operating 319 
temperature. Experimental data is represented with markers while the lines correspond to simulated 320 
results with the model proposed. A good correlation between the model and the experiments can be 321 
noticed. 322 

Figure 12 (a) displays the serial resistance ܴ௦ influence on the output current and power. The 323 
solid lines graphs correspond to a fixed ܴ௦ while the dashed lines correspond to variable ܴ௦ with 324 
all the parameters included. At MPP a 98 mW power increase was observed. As estimated before, 325 ܴ௦௛ has a minor influence on the PV output – only 4.6 mW power decrease at MPP could be noticed, 326 
as displayed in Figure 12 (b). It is worth mentioning that in all cases the model self-computes the 327 
appropriate values for ܴ௦ and ܴ௦௛. 328 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 7 December 2017                   doi:10.20944/preprints201712.0040.v1

Peer-reviewed version available at Energies 2018, 11, 36; doi:10.3390/en11010036

http://dx.doi.org/10.20944/preprints201712.0040.v1
http://dx.doi.org/10.3390/en11010036


 

 

(a) (b)
Figure 11. I-V and P-V curves – simulation and experiments. (a) I-V curves at 25°C (upper lines) and with all 329 
parameters variation included (lower lines) – internal temperature is 54°C. (b) P-V curves at 25°C (upper lines) 330 
and with all parameters variation included (lower lines) – internal temperature is 54°C. 331 

 332 

 
(a) 

 
(b) 

Figure 12. ܴ௦  and ܴ௦௛  influence and the performance. (a) ܴ௦  increase with temperature (25°C to 54°C) 333 
determines an increase in the output current and power (b) ܴ௦௛ has no significant influence on the performance. 334 

PV arrays compared (Table 5) were monocrystalline (Shell SP-70, MSMD290AS-36.EU and 335 
multycrystaline (Kyocera KG200GT, MSP300AS-36.EU, MSP290AS-36.EU, Sharp ND-224uC1) 336 

 337 
Table 5. Datasheet available information for several commercial PV arrays 338 

PV Type [ࢂ] ࢉ࢕ࢂ ࢙࢔ ࢖࢓ࢂ [ࢂ] ࢖࢓ࡵ [࡭] ࢉ࢙ࡵ [࡭] ࢂ࢑ ܄ܕ] ۹⁄ ۯܕ] ࡵ࢑ [ ۹⁄ ]
Shell SP-70  36 21.4 16.5 4.24 4.7 -76 2 
MSMD290AS-36.EU 72 44.68 37.66 7.7 8.24 -138.508 3.296 
MSP290AS-36.EU  72 44.32 37.08 7.82 8.37 -146.256 3.348 
KG200GT  54 32.9 26.3 7.61 8.21 -123 3.18 
Sharp ND-224uC1 60 36.6 29.3 7.66 8.33 -131.76 4.4149 
 339 
All the data from Table 5 was processed with the above proposed algorithm and the results are 340 

listed in Table 6, along with similar results from other researchers. 341 
 342 
 343 
 344 
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Table 6. Comparison between previous solutions and our proposed model 345 
PV Type Solution ૚ࢇ ࢙ࡾ [ષܕ] ࢎ࢙ࡾ [ષ] [ۯܖ] ࢕ࡵ [࡭] ࢜࢖ࡵ

Shell SP-70  
Ishaque* [35] 1&2.2 510 91 4.7 0.421;0.421 

Proposed 1.022 505 73.85 4.732 0.657 

MSMD290AS-36.EU 
Cubas [31] 1.1 130 316 8.24 2.36 

Proposed 1.0 159 194 8.247 0.243 

MSP290AS-36.EU  
Cubas [31] 1.1 162 331 8.37 2.86 

Proposed 1.02 191 230 8.377 0.513 

KG200GT  
Ishaque* [35] 1&2.2 320 160.5 8.21 0.422;0.422 

Sumathi et al. [5] 1.3 221 415.4 8.214 98.25 
Proposed 1.08 305 186 8.223 2.15 

Sharp ND-224uC1 Proposed 1.06 316 108 8.354 1.41 
* Ishaque at al. [35] use a 2 diode model with equal saturation currents 346 

 347 
The final validation of the model was by applying the introduced model and computation 348 

method for the MSMD290AS-36.EU monocrystalline PV cell array and compare the results to the 349 
ones provided by Cubas et al. [31], as shown in Figure 13. As it can be seen, a good correlation exists 350 
between the two approaches. 351 

(a) (b) 

(c) (d) 

Figure 13. Final model validation by comparison for the MSMD290AS-36.EU monocrystalline PV cells. (a) I-V 352 
curves at 25°C; (b) P-V curves at 25°C (c) I-V curves at 54°C (d) P-V curves at 54°C. 353 

 354 
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6. Conclusions 355 

A new thermo-electrical model for the PV cell was introduced. The model proved to be accurate, 356 
while considering parameter variation and selfheating phenomenon. Only free available tools were 357 
used during modeling. The literature analysis proved discrepancies between authors when studying 358 
parameter variation and proposals have been submitted. 359 

As other authors have mentioned, ܴ௦௛ influence is relatively reduced in the model. However 360 ܽଵ  proved to be a major factor. ܧ௚  displayed a small variance with temperature. Resistance ܴ௦ 361 
influence is important but sometimes shadowed by the wiring. The proposed model was accurately 362 
confirmed and validated by the experiments. 363 
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Nomenclature 373 

Main Symbols 374 ܽଵ    Diode ideality factor 375 ܽଵ,௥௘௙   Diode ideality factor at 25°C 376 ܴ௧௛    Thermal capacitance of the cell, a lumped parameter 377 ܧ௚    Bandgap energy 378 ܨܨ    Fill factor 379 ܩ    Actual irradiance on cell surface 380 ܩ௥௘௙   Reference irradiance, 1000 W/m2 381 ܫ    Solar cell current 382 ܫ଴ଵ    Saturation current of the modeled diode, due to diffusion 383 ܫ଴ଵ,௥௘௙   Saturation current of the modeled diode, due to diffusion, at 25°C 384 ܫ௠௣    Current at maximum power point 385 ܫ௣௩    Photo generated current 386 ܫ௣௩,௥௘௙  Photo generated reference current at 25°C 387 ܫ௦௖   Short circuit current of the solar cell 388 ܫ௦௖,௥௘௙   Short circuit current of the solar cell at 25°C 389 ݇    Boltzmann constant 390 ݇ூ    Current temperature coefficient, A/K 391 ݇௏    Voltage temperature coefficient, V/K 392 ݇௉    Power temperature coefficient, W/K 393 ݇ோೞ, ݇ோೞ೓    ܴ௦, ܴ௦௛ temperature exponent 394 ݇ோ௦ᇱ , ݇ோ௦௛ᇱ   ܴ௦, ܴ௦௛ temperature exponent in Matlab 395 ݊௦    Number of series cells 396 ݊௣    Number of parallel cells 397 ௠ܲ௣ = ௠ܸ௣ܫ௠௣  Maximum power 398 ݍ    Electron charge 399 ܴ௦    Cell series resistance 400 ܴ௦,௥௘௙   Cell series resistance at 25°C 401 ܴ௦଴    Cell series resistance based on slope close to ௢ܸ௖ 402 ܴ௦௛    Cell parallel (shunt) resistance 403 ܴ௦௛,௥௘௙   cell parallel (shunt) resistance, at 25°C 404 
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ܴ௦௛଴   cell parallel (shunt) resistance based on slope close to ܫ௦௖ 405 ܴ௧௛    Thermal resistance of the cell, a lumped parameter 406 ܶ    solar cell temperature, [K] 407 ௥ܶ௘௙ = ଶܶହ  reference temperature 298 K 408 ∆ܶ = ܶ − ௥ܶ௘௙  temperature difference 409 ௔ܶ௠௕   ambient/air temperature, [°C] 410 ௖ܶ௘௟௟   internal PV cell temperature, [°C] 411 ܸ    solar cell voltage 412 ௢ܸ௖     solar array open circuit voltage 413 ௢ܸ௖,௥௘௙    solar array open circuit reference voltage at 25°C 414 ௢ܸ௖,௖௘௟௟   solar cell open circuit voltage 415 ௢ܸ௖,௖௘௟௟,௥௘௙  solar cell open circuit reference voltage at 25°C 416 ௠ܸ௣    voltage at maximum power point 417 ௚ܸ    bandgap voltage 418 ்ܸ =  diode thermal voltage 419  ݍ/ܶ݇

Abbreviations 420 
AM   Air Mass 421 
KCL   Kirchhoff’s current law 422 
MPP   Maximum power point 423 
MPPT   Maximum Power Point Tracking 424 
NOCT   Normal Operating Cell Temperature 425 
PV    Photovoltaic 426 
STC   Standard Test Conditions (cell temp. 25°C; irradiance 1000 W/m2; air mass 1.5) 427 

Greek Symbols 428 ߙோ௦    series resistance temperature coefficient (linear law) 429 
 430 
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