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Abstract: Manufacturers of photovoltaic modules do not provide all the information necessary 1

to predict their performance under different climatic conditions. This forces the development of 2

mathematical models of behavior and the application of mathematical methods for the calculation of 3

their associated parameters. A toolbox called PVMSim implemented in MATLAB/GUI is proposed in 4

this paper. PVMSIm provides models allowing the simulation of photovoltaic modules. A two-diode 5

model is used to represent the effect of irradiance and temperature on the V-I and V-P characteristic 6

curves. The accuracy of PVMSim has been vaildated by applying the models to two mono-crystalline 7

and multi-crystalline solar modules of different power ratings and manufacturers. The model 8

PVMSim model accuracy was verified against the manufacturer’s datasheet. This paper shows that 9

this tool is useful for designers and professionals who require an intuitive graphical interface for fast 10

and accurate modeling, simulation and sizing of photovoltaic systems. 11

Keywords: V-I characteristic curves; MATLAB/GUI; photovoltaic efficiency; two-diode model 12

1. Introduction 13

The International Renewable Energy Agency (IRENA) reported that in 2022, growth 14

in wind and solar power led to the highest annual increase in renewable generation 15

capacity, together accounting for 90% of all net renewable additions in 2022 [1]. Globally, 16

all renewables increased renewable generation capacity by 295 GW (+9.6%), while Photo- 17

Voltaic (PV) energy continued to lead capacity expansion, with a world increase of 192 18

GW (+22%) [2]. The highest growth in installed capacity of solar energy was registered in 19

China (+86.0 GW), the United States (+17.6 GW), India (+13.5 GW), Brazil (+9.9 GW), the 20

Netherlands (+ 7.7 GW), Germany (+7.2 GW) and Japan (+4.6 GW) [1,2]. 21

To study the energy production of a single solar module or a PV installation with 22

many modules, it is advisable to have simulation models to allow estimation of the amount 23

of energy that might be produced for different climate conditions and configurations of 24

installation [3]. Therefore, it is important to know the energy performance of PV modules, 25

and to predict, through modeling and simulation, their response to possible operating 26

scenarios [4]. 27

Crystalline silicon (c-Si) PV modules are currently the most widely commercialized 28

[5], these modules are composed of cells connected in series and parallel [6]. Manufacturers 29

provide in the datasheets the power, voltage and current values under Standard Test 30

Conditions (STCs), defined by: 25 ◦C of cell temperature (Tc), 1000 W/m2 of irradiance (G) 31

and 1.5 G of air mass (AM) [7–9]. However, this information is not sufficient to perform 32

a simulation that delivers reliable predictions about the output power under different 33

operating conditions. As an alternative to STC, the datasheets also provide Nominal 34
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Operating Conditions (NOC), defined by: G = 800 W/m2, 20 ◦C of ambient temperature 35

(Ta), wind speed v = 1 m/s and Tc,NOCT ≈ 45 ◦C, the latter is known as the Nominal 36

Operating Condition Temperature (NOCT) [10,11]. However environmental conditions are 37

never ideal, so more representative models of the PV modules are needed, including the 38

unknown internal parameters that are not found in the datasheet. 39

In order to extract these internal parameters of c-Si PV cells, mathematical models 40

based on the one-diode equivalent circuit (that ideally consists of a diode, resistors, and a 41

current source) [12], with its variants of two-diode and three-diode have considered [13–15]. 42

Two models for photovoltaic cell modeling are often used: the one-diode model and the 43

two-diode model with five and seven internal parameters respectively [16]. Using these 44

models it is possible to obtain the characteristic current-voltage (V-I) curves, which are very 45

important for monitoring, controlling and evaluating the performance of PV systems. The 46

accuracy of the models depends on the number of internal parameters and the number of 47

diodes [12]. The methods for extraction of the internal parameters are complicated, due to 48

the number of variables involved and the non-linear behaviour of the model equations [17]. 49

However, the MATLAB GUIDE can be used to calculate the internal parameters of the PV 50

modules, in an intuitive, simple and transparent way for both the one-diode or two-diode 51

models [18]. 52

The MATLAB’s Toolbox GUIDE has been used to model the cells and PV modules 53

in many applications. Some researchers have developed an easy and simple Graphical 54

User Interface (GUI) to create and modify PV device models and simulate the device 55

operation in arbitrary conditions easily [19], also to use for sizing on-grid [20] and off- 56

grid [21] PV systems. This method uses mathematical models that represent the energy 57

processing in PV, considering the different components such as solar generators, inverters, 58

electrical cable connections and batteries [22–25]. Some authors have presented a GUI for 59

continuous real-time monitoring of PV modules based on the V-I and V-P characteristics 60

curves at different geographic sites. Typically, the GUI is integrated with LabVIEW software 61

to allow monitoring of the variables [26,27]. Other authors have developed a GUI for 62

educational purposes [18,28], allowing a user friendly, sequential interaction between the 63

user (student) and the latent knowledge, the user can add information about the power 64

generation capacity and energy requirement in a given rural or urban region. It also serves 65

as educational support in electrical and/or mechanical engineering courses [14]. It has 66

also been demonstrated that students trained using the GUI tool easily can understand the 67

concept of a PV solar module and their electrical parameters [15]. 68

A GUI has also been used for solar radiation forecasting, the calculation of incident 69

radiation to the tilted module and the prediction of energy generated by the PV module [29]. 70

A neural network approach to the performance prediction of PV modules has also been 71

considered. Here the feed-forward neural networks have been used to predict I-V curve 72

parameters as a function of input irradiance and temperature [30]. Other uses consider 73

calculating arrays for partial shading conditions, using a generalized analytical approach 74

to model the PV module [31] and calculating the partial shading effects on PV arrays [32]. 75

These studies all use a GUI Toolbox for analyzing different factors such as atmospheric 76

conditions and the configuration of PV modules and cells. 77

The aim of this paper is to demonstrate a Toolbox called PVMSim (PV + Matlab + 78

Simulator), created in MATLAB’s GUIDE. This Toolbox allows the analysis of the electrical 79

properties of silicon-based PV modules in a very intuitive way. Specifically, it determines 80

the seven parameters of the two-diode model based on the information provided in the 81

datasheet, using modeling algorithms established in the scientific literature. To prove 82

the validity of the implemented GUI, the methods were applied to two PV modules 83

with different power and technologies. The results were validated using the electrical 84

parameters from the datasheet and the V-I curves obtained with the PVsyst® v7.3.1 software 85

as reference. 86

This paper is organized as follows: in Section 2, the two-diode equivalent model 87

used for internal parameter extraction and the flowcharts of PVMSim blocks are explained. 88
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Section 3, presents case studies of PV module modeling of mono-crystalline and multi- 89

crystalline silicon technologies. In Section 4 explains some advantages of the GUI and 90

mathematical models. Finally, Section 5 concludes with the main findings and contributions 91

to the field of study. 92

2. Materials and Methods 93

2.1. Equivalent circuit of the PV cell based on the two-diode model 94

Figure 1 shows the circuits most commonly used to represent the behavior of photo- 95

voltaic modules under the effect of varying irradiance and temperature. Both schemes have 96

two resistances, one series-connected and the other one connected in parallel. 97

Figure 1. Equivalent circuit of a photovoltaic module (a) one-diode and (b) two-diode.

The equation for the current I produced by the photovoltaic panel in these two 98

equivalent circuits, can be calculated by applying the Kirchhoff laws and the mathematical 99

model of the Shockley diode [33–35]. The one-diode model, shown in Figure 1(a), has five 100

unknown internal parameters as shown in Equation (1) [36]. 101

I = Ipv − Io

[
exp
(

V + I · Rs

n · Vt

)
− 1
]
−
(

V + I · Rs

Rsh

)
(1)

The unknown parameters are the photocurrent generated by the incident light Ipv (A), 102

the reverse saturation diode current Io (A), equivalent parallel resistance Rsh (Ω), equivalent 103

series resistance Rs (Ω) and quality factor of the diode n (adimensional). The output voltage 104

V (V) of the module is known, Vt = Ns · k · T/q is the thermal voltage, and Ns represents 105

cells connected in series, k is the Boltzmann constant [1.3806503 · 10−23 J/K], T is the 106

temperature of the p-n junction (◦C) and q is the electron charge [1.60217646 · 10−19 C]. 107

This one-diode model is one of the most commonly reported in scientific literature [36–40]. 108

Equation (1) can also be presented in the form of Equation (2). 109

I = Ipv − Io

[
exp
(

V + I · Rs

n · (Ns · k · T/q)

)
− 1
]
−
(

V + I · Rs

Rsh

)
(2)

The two-diode model, shown in Figure 1(b), has seven unknown internal parameters 110

in the output current, as shown in Equation (3). 111

I = Ipv − Io1

[
exp
(

V + I · Rs

n1 · Vt1

)
− 1
]
− Io2

[
exp
(

V + I · Rs

n2 · Vt2

)
− 1
]
−
(

V + I · Rs

Rsh

)
(3)

Io1 is the saturation current (A) of diode 1 due to diffusion and Io2 is the saturation 112

current (A) of diode 2 due to recombination effect [35]. In addition, due to two-diode 113

model, the quality factors for both diodes are required (n1 and n2). Equation (3) originates 114

the V-I and V-P curve shown in Figure 2 where three main points were shown: short circuit 115

(0, Isc), MPP(Vmpp, Impp), and open circuit (Voc, 0). 116
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Figure 2. Typical (normalized) V-I and V-P characteristic curve of a PV cell.

The extraction of the unknown internal parameters is requierd so that they can be 117

substituted in Equation (3), to obtain the V-I and V-P curves and consequently the electrical 118

parameters of the PV module. The two-diode model is more complex, but allows more 119

accurate results than the one-diode model. This is especially evident when the operating 120

conditions of the module highly vary from STC [12]. Furthermore, the two-diode model 121

improves modeling modules of different silicon technologies: multi-crystalline, mono- 122

crystalline and thin-film [12–14,37]. 123

2.2. Mathematical model of reverse saturation diode current 124

The equation for the current generated by the photovoltaic module (Ipv) can be ex- 125

pressed as a function of temperature and irradiance, as indicated in Equation (4) [36,41]. 126

Ipv =
[
IpvSTC + Ki · (T − TSTC)

]
−
(

G
GSTC

)
(4)

IpvSTC is the current generated at STC (A), Ki is the temperature/current coefficient 127

(%/◦C), T is the temperature of the p-n junction in the analyzed operating conditions (◦C) 128

and TSTC = 25 ◦C is the temperature at STC. G is the irradiation level in the analyzed 129

operating conditions ( W/m2) and GSTC = 1000 W/m2 is the irradiation level at STC. 130

The saturation diode current Io (A) is dependant on temperature and is calculated 131

according to Equation (5), where Eg is the energy in the semiconductor gap band (eV) and 132

IoSTC is the salutation diode current (A) at STC [36]. 133

Io = IoSTC ·
(

TSTC
T

)3
· exp

[
q · Eg

n · k
·
(

1
TSTC

− 1
T

)]
(5)

The saturation diode current under STC IoSTC is calculated by equation (6). 134

IoSTC =
ISTC[

exp
(

VocSTC
n·VTSTC

)
− 1
] (6)

The accuracy of the calculated saturation diode current Io at STC can be improved 135

by using Equation (7) instead of Equation (6) [36]. The temperature/voltage ratio Kv is 136

included, which is also found in the datasheet provided by the manufacturer. Thus, this 137

will matche with the calculated open circuit voltage Voc, provided by the manufacturer in 138

the datasheet, for a wide range of operrating temperatures. 139

IoSTC =
ISTC + Ki · (T − TSTC)[

exp
(

VocSTC+Kv ·(T−TSTC)
n·VTSTC

)
− 1
] (7)

To simplify the calculation, it is assumed that both saturation diode currents Io1 and 140

Io2 are equal, therefore Equation (8) can be used [41]. 141
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Io1STC = Io2STC =
ISTC + Ki · (T − TSTC)[

exp

(
VocSTC+Kv ·(T−TSTC)(

n1+n2
p

)
·VTSTC

)
− 1

] (8)

With Equation (8), the computing time used in the iteration is considerably simplified 142

and the solution can be obtained analytically. Quality factors n1 and n2 represent the 143

diffusion and recombination of the current respectively. According to Shockley’s diffusion 144

theory, the diffusion current n1 is equal to unity. However, the decision of the value 145

n2 is flexible. Based on extensive simulations, it is found that if n2 = 1.2, improve the 146

model accuracy is observed [42]. Currently, it’s still used this assignment [43,44], with 147

which accurate V-I curves are obtained for varied conditions. It is also assumed that 148

(n1 + n2)/p = 1 and therefore the value of p ≥ 2.2 [41,42]. Based on these assumptions, 149

Equation (8) can be rewritten as shown in Equation (9). 150

Io1STC = Io2STC =
ISTC + Ki · (T − TSTC)[

exp
(

VocSTC+Kv ·(T−TSTC)
VTSTC

)
− 1
] (9)

This generalization avoids the ambiguity of having to select n1 and n2 values. In 151

this way, the calculation of the Ipv, Io1, Io2, n1 and n2 parameters is expedited, leading to 152

decreased computation time. Replacing Equation (9) in Equation (3), gives Equation (10) 153

that simplifies the two-diode model [4,16,41,45–47]. 154

I = Ipv − Io

[
exp
(

V + I · Rs

Vt

)
+ exp

(
V + I · Rs

(p − 1) · Vt

)
+ 2
]
−
(

V + I · Rs

Rsh

)
(10)

In Equation (10), the value of I can be calculated for the range of values of 0 ⩽ V ⩽ Voc. 155

This means that the number of points of the V-I curve is calculated from Voc/(step = 0.1). 156

To calculate the power of PV arrays as shown in the Figure 3, structured by s x p modules, 157

where s are the modules connected in series and p are the modules connected in parallel, 158

it’s assumed that I = p · I; V = s · V; Rs = Rs · s
p and Rsh = Rsh · s

p in the Equation (10). 159

Also, it is necessary to calculate Rs and Rsh using iterative methods. 160

Figure 3. Typical structure of PV arrays.

2.3. Method for Rs and Rsh computation 161

Rs and Rsh can be calculated simultaneously according to an established method 162

[41,42]. Using this method, the maximum power Pmpp is adjusted until the calculated maxi- 163

mum power point PmaxC matches the maximum power point value of the manufacturer’s 164

datasheet PmaxE. The coincidence between PmaxC and PmaxE will be possible if the value of 165

Rs is increased iteratively while being calculated simultaneously. From Equation (10) the 166
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value of Rsh is calculated at the maximum power point, obtaining the expression shown in 167

Equation (11). 168

Rsh =
VmppSTC + ImppSTC · Rs

Ipv − Io ·
[
exp
(VmppSTC+ImppSTC ·Rs

VT

)
+ exp

(VmppSTC+ImppSTC ·Rs
(p−1)·VT

)
+ 2
]
− PmaxE

VmppSTC

(11)

VmppSTC is the voltage amplitude (V) at the maximum power point. The initial con- 169

dition of series-connected resistance is assumed to be zero and the initial condition of 170

parallel-connected resistance can be estimated using Equation (12). 171

Rso = 0; Rsho =
VmppSTC

IscSTC − ImppSTC
−

VocSTC − VmppSTC

ImppSTC
(12)

Equation (12) describes the initial value of Rsh, which is the slope of the line segment 172

between the short circuit current Isc and the maximum power point Pmpp. For each iteration, 173

the value of Rsh can be calculated simultaneously according to Equation (11). When the 174

seven unknown parameters have been determined, the output current I is calculated using 175

the Newton-Raphson method for values of 0 ⩽ V ⩽ Voc. This algorithm can be used to 176

calculate the values of Rs and Rsh. 177

For the PVMSim case, the computation process stops when the condition |PmaxC − 178

PmaxE| ⩽ 0.01 is reached. The accuracy of this algorithm has been demonstrated by 179

several researchers, where the I-V and P-V curves are obtained by computer simulation 180

[18,20,22,48]. 181

2.4. PV conversion efficiency 182

PVMSim calculates the parameters that determine the efficiency of the PV module. 183

These are Fill Factor FF and η. FF is calculated by Equation (13). 184

FF =
Vmpp · Impp

Voc − Isc
(13)

FF is a parameter determining the maximum power (adimensional). It can be graphi- 185

cally represented as "square" or the largest area of the rectangle that is adjusted on the I-V 186

curve (gray color) as shown in Figure 4. In general, value ranges for fill factor are from 0.4 187

to 0.8 and take the value of 1 only in ideal PV modules [49–51]. The Vmpp, Impp, Voc and Isc 188

values are required. 189

0 0.2 0.4 0.6 0.8 1

Normalized Voltage

0

0.2

0.4

0.6

0.8

1

N
o
rm

a
liz

e
d
 C

u
rr

e
n
t

V
oc

I
sc P

mpp

V
mpp

I
mpp

Figure 4. Typical (normalized) V-I characteristic curve of a PV cell and plot of FF by the gray
rectangular area.

The efficiency can be correlated with the operating temperature Tc. The PV cell 190

only converts a small amount of the radiation it receives into electrical energy, the rest 191

is dissipated as heat [52]. The electrical efficiency η is expressed as a function of the Tc 192

through the linear relationship shown in Equation (14) [53]. 193
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η = ηSTC · [1 − βSTC · (Tc − TSTC)] (14)

ηSTC is the module’s efficiency (%), βSTC is the temperature coefficient of power 194

(%/◦C). These parameters and TSTC are available from the datasheet. This correlation 195

has been widely accepted, and for this reason, it appears in experimental investigations 196

for different environmental conditions [54–56]. Tc is a variable that is not commonly 197

measured but can be calculated by applying mathematical models that correlate some 198

weather variables. Many common models correlate three climate variables: Ta, G and v. 199

The Ta can be obtained from in situ measurements or climate dataset such as NASA [57] or 200

some software such as PVsyst [58–61]. Various methods can be used to calculate the Tc of 201

PV cells from the available Ta measurements [17,62]. In the case of PVMSim, Tc is calculated 202

by the Equation (15) [63], this is a simple implicit expression used by manufacturers to 203

define the NOCT parameter [17]. This equation is widely used by researchers as a reference 204

in current Tc prediction studies [64–66]. 205

Tc = Ta + (NOCT − 20) · G
800

(15)

G is the incident irradiance on the surface of the PV module. Substituting T from 206

Equation (4) for Tc from Equation (15), the effect of Ta and G on the PV efficiency is obtained. 207

For the simulations done in this paper, weather data from the NASA dataset were used 208

[57]. These data are in hourly profile, which means that 144 values are available daily for 209

each meteorological variable. The power is calculated hourly and the energy daily output 210

is displayed on the plot, calculated by the sum of PmaxC as a function of time. 211

2.5. Methods and implemented algorithm of PVMSim 212

The PVMSim Toolbox is shown in Figure 5, in MATLAB (2020b) Toolbox GUIDE and 213

through scripts, the methods were programmed. 214

Block 1 (Datasheet PV)

HEE215M

250

37.4

30.8

8.12

8.67

HELIENE

-0.34

0.07

Manufacturer 

Model 

Power (Wp) 

Voc (V) 

Vmpp (V) 

Impp (A) 

Isc (A) 

1

60Ns 

Np Reset

Ki (%/°C) 

Kv (%/°C) 

Others

NOCT (°C) 45

17

Dimensions

Length (m) 

Width (m) 0.156

0.156

Block 2 (Parameters) 

0.229

n1 

CalculateReset

Io1 = Io2 (A) 

Ipv (A) 

2.58e-10

8.67

233.569

1

n2 1.2

Block 3 (V-I Curves)

Operating G 

G_inc. (W/m2) 

Reset

G_init (W/m2) 

Plots number 5

200

200

Plots

Set Tc (°C) 25

Operating Tc 

Tc_inc. (°C) 

Tc_init (°C) 

25

0

Plot

5Plots number 

Reset

Set G (W/m2) 1000

Select curves type 

V - I 

V - P 

Strings

1

1

Np 

Ns 

Block 5 (Daily energy output)

1

2

3

4

G (W/m2) Tc (°C)

NASA-SEE

20

May Plot

Block 4 (Efficiency) 

Power (W) 

Calculate

FF 

250.01

0.77

17

G (W/m2) 1000

Tc (°C) 25

Figure 5. Main screen of the Toolbox PVMSim.

This toolbox consists of five GUI’s Blocks: 215
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• GUI’s Block 1: input data of manufacturer’s datasheet, it is important to add all the 216

values of the electrical parameters for the STC and NOC, also the mechanical data 217

such as dimensions of PV cells, no Editbox of this block can be left incomplete. 218

• GUI’s Block 2: the modeling algorithm of this block is shown in Figure 6. By Push- 219

button (Calculate), the defined process of extracting the seven unknown internal pa- 220

rameters of the PV module begins, through the iterative method of Newton-Raphson, 221

using the two-diode model and applying the methods described above. Once the 222

calculations are completed and the defined tolerance is reached, the values of the 223

parameters are displayed in the Textboxs. No data in this block is entered. 224

• GUI’s Block 3: the simulation algorithm of this block is shown in Figure 7. First, the 225

number of PV modules per string is entered, and the modules connected in series and 226

in parallel must be defined. Then the number of I-V curves and P-V curves are going 227

to be plotted, and the variation of the irradiance and the temperature of the PV cells 228

must also be specified. By pushbutton (Plot) the corresponding curves are obtained. 229

Finally, the points used for the plotted curves are automatically saved in a .txt file. 230

• GUI’s Block 4: The simulation algorithm of this block is shown in Figure 8. Calculates 231

and plots the fill factor FF and η numerical values, and plot a single I-V curve with 232

the electrical parameters corresponding to that simulation. Input data of G and Tc 233

must be entered for the simulation. 234

• GUI’s Block 5: the calculation algorithm of this block is shown in Figure 9. Plot PmaxC, 235

G, Tc, Ta and η for the effect of climatic conditions of a given region, within a date 236

selected by the user. To obtain the power values at each hour of the day, PVMSim 237

imports a file in .txt format, with the annual records of the geographic site analyzed. 238

In this case, the data provided by NASA is imported [57]. This data is commonly used 239

for this type of simulation [48,67]. In this block, the hourly data of PmaxC, Tc, G and η 240

is also exported to a .txt file. 241

Figure 6. Algorithm for extraction of internal parameters (GUI’s Block 2 of PVMSim).
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Figure 7. Algorithm for obtaining characteristic curves (GUI’s Block 3 of PVMSim).

Figure 8. Algorithm for obtaining and plot FF and η values (GUI’s Block 4 of PVMSim).
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Figure 9. Algorithm for obtaining performance PV daily (GUI’s Block 5 of PVMSim).

In order to assess the robustness of the two-diode model, the Mean Absolute Error 242

(MAE) was calculated using Equation (16). The internal parameters are compared with the 243

datasheet parameters and also those obtained by PVsyst. 244

MAE =
1
n
·

n

∑
i=1

|Xi,PVMSim − Xi,PVsyst| (16)

Subscript PVMSim is equivalent to the data calculated by PVMSim, while the subscript 245

PVsyst is equivalent to the data obtained in PVsyst. 246

3. Results 247

For to validate the methods defined in the previous section, two cases were simulated: 248

mono-crystalline silicon HEE215MA68 and multi-crystalline silicon SW150polyR6A PV 249

modules. These PV modules are of different power levels and made by different manufac- 250

turers. Table 1 shows the electrical parameters for the STC and NOC. These parameters 251

are also available in the datasheet, hence these variables are used to validate the internal 252

parameter extraction method for the two-diode model. 253

Table 1. Electric parameters extracted from datasheet of analyzed PV modules [68,69].

HEE215MA68 SW150polyR6A
Parameter STC NOC STC NOC

Pmax (W) 250±3% 183 150±2% 110.1
Voc (V) 37.40 34.5 22.5 20.5

Vmpp (V) 30.3 27.7 18.3 16.6
Isc (A) 8.72 7.25 8.81 7.17

Impp (A) 8.22 6.7 8.27 6.62
β (%/◦C) -0.34 - -0.31 -

NOCT (◦C) - 45 - 46
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3.1. Extracting unknown internal parameters 254

In the GUI’s Block 2 in PVMSim the methodology shown in Figure 6 is used. Upon 255

completion of the extraction of the seven unknown internal parameters, Figure 10 shows 256

the variations of the electrical parameters. The curves are explained as follows: 257

• I-V (a,e) and P-V (b,f) characteristic curves show the movement of PmaxC. The max- 258

imum power of the PV modules is available in the datasheets, with a tolerance for 259

STC. For the analyzed PV modules, the tolerance are 3% and 2% for HEE215MA68 260

and SW150polyR6A, respectively. It is important to take this data into account to 261

analyze the accuracy of the algorithm for extracting the unknown internal parameters 262

in Figure 7. The black asterisks represent the PmaxC, while the arrow indicates the 263

direction of movement of the V-I and V-P curves. 264

• Curves in the plot (c,g) show the variation of PmaxC according to the variation of the 265

value of Rsh. The algorithm starts the iterative method with values of PmaxC greater 266

than the value of PmaxE. For the PV HEE215MA68 module, the value of Rsho = 72 Ω 267

while for the SW150polyR6A the value of Rsho = 35.58 Ω. The value of Rsh is increased 268

(Equation (11) until the stop condition is reached. 269

• Curves in the plot (d,h) begin with the value of Rso = 0 Ω (Equation (12)), then this 270

value is increased with steps = 0.001 Ω until the stop condition is reached. 271

• The modeling algorithm reaches the stopping condition when |PmaxC − PmaxE| ≤ 0.01 272

for STC. 273
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Figure 10. Curves obtained from GUI’s Block 2 of PVMSim. I-V and P-V characteristic curves obtained from the numerical compute of
the Rs and Rsh values: (a-d) HEE215MA68 and (e-h) SW150polyR6A.

Before a simulation can be run, PVMSim validates that the internal parameters have 274

been calculated. The seven parameters calculated for the two-diode model (GUI’s Block 2) 275

are shown in Table 2. Once the program calculates and displays the internal parameters, 276

the I-V and P-V characteristics curves can be simulated in GUI’s Block 3, 4 or 5 as needed. 277
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Table 2. Seven internal parameters of PV modules calculated with PVMSim.

No Parameter HEE215MA68 SW150polyR6A

1 and 2 Io1 = Io2 (A) 2.57e − 10 2.45e − 10
3 Ipv (A) 8.67 8.81
4 n1 1 1
5 n2 1.2 1.2
6 Rs (Ω) 0.229 0.166
7 Rsh (Ω) 233.569 105.973

To validate the calculated internal parameters, the manufacturer’s data of each PV 278

module was used. Table 3 shows the MAE for the electrical parameters found using the 279

two-diode model for STC and NOC. 280

Table 3. Metrics of the calculated electrical parameters by PVMSim at STC and NOC.

HEE215MA68 SW150polyR6A
Condition Parameter Datasheet PVMSim MAE Datasheet PVMSim MAE

PmaxC (W) 250 250.01 0.01 150 150.1 0.1
STC Voc (V) 37.4 37.4 0 22.5 22.5 0

Isc (A) 8.72 8.66 0.06 8.81 8.8 0.01

PmaxC (W) 183 183.47 0.47 110.1 110.27 0.17
NOC Voc (V) 34.5 34.5 0 20.5 20.8 0.30

Isc (A) 7.25 7.03 0.22 7.17 7.11 0.06

The MAE errors shown in Table 3 shows the precision of the methodology used. The 281

results are considered to be very accurate, with parameter PmaxC remaining within the 282

tolerance range defined by the manufacturer, while the other electrical parameters also 283

perform well, remaining the FF and η according to their respective PV technologies, such 284

as shown in Section 3.3. 285

Another way to validate the performance of PVMSim is using the professional software 286

PVsyst as a reference [70]. PVsyst uses the one-diode model like Figure 1(a) with five 287

unknown internal parameters (Rs, Rsh, Io, Ipv, n) of the Equation (1) and it’s applied to 288

design and size PV systems. Table 4 shows the PmaxC values obtained by the PVsyst and 289

PMVSim for different values of G and Tc, which are the most common available in the 290

datasheet for the PV modules for countries at any latitude in the world. 291

Table 4. Metrics of the PmaxC (W) calculated at different values of G and Tc.

HEE215MA68 SW150polyR6A
Condition Value PVsyst PVMSim MAE PVsyst PVMSim MAE

200 W/m2 48.35 45.40 2.95 29.13 27.00 2.13
400 W/m2 99.08 96.69 2.39 59.74 58.09 1.65

Tc = 25◦C 600 W/m2 149.76 148.21 1.55 90.30 89.17 1.13
800 W/m2 199.88 199.39 0.49 120.50 119.89 0.61
1000 W/m2 249.10 250.01 0.91 150.10 150.10 0

10 ◦C 264.81 264.60 0.21 159.89 158.56 1.36
25 ◦C 249.10 250.01 0.91 150.10 150.10 0

G = 1 kW/m2 40 ◦C 232.76 235.13 2.37 140.02 141.52 1.50
55 ◦C 215.86 219.98 4.12 129.67 132.85 3.18
70 ◦C 198.41 204.56 6.15 119.07 124.08 5.01

Using PVsyst as a reference, both PV modules present good precision according to 292

the values of the MAE errors. For irradiance values close to STC and NOC, the MAE error 293

is lower. For low irradiance levels (G < 400 W/m2) it’s difficult to predict the Voc value 294

and therefore the PmaxC [40]. For different values of Tc, the PVMSim also performs well, 295
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obtaining zero error in both cases for STC. Note that as the Tc values increase, the value of 296

the MAE increases; previous studies based on experimental measurements have shown 297

that for temperature values far from STC conditions (Tc > 50 ◦C) the prediction of Voc and 298

PmaxC is less accurate [42,46,47]. 299

3.2. Simulating the effect of irradiance and temperature 300

After validating the accuracy of the methodology used to extract the internal parame- 301

ters, in GUI’s Block 3 of PVMSim the effect of G and Tc on the power of the PV modules 302

can be simulated using the methodology shown in Figure 7. Figure 11 and Figure 12 show 303

V-I and V-P curves for the different levels of G and Tc given in Table 4. These plots not only 304

show the correlation of PmaxC, but also between Isc, Voc and all points on the curve. 305
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Figure 11. Curves obtained from GUI’s Block 3 of PVMSim. Plot of V-I and V-P curves for variable
values of G and constant at Tc = 25 ◦C. The circle marks represent the PmaxC.
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Figure 12. Curves obtained from GUI’s Block 3 of PVMSim. Plot of V-I and V-P curves for variable
values of Tc and constant at G = 1000 W/m2. The circle marks represent the PmaxC.

Variations in irradiance cause notable variations in short-circuit current Isc, while 306

variations in PV cell temperature affect open-circuit voltage Voc. In both cases, the maximum 307

power is affected. PVMSim allows any number of characteristic curves to be obtain as 308

required by the user of the application. The points of the curve can be saved in .txt files, for 309

future modeling in MATLAB or to be used in other software. 310

3.3. Predictions of PV efficiency 311

Using the methodology shown in Figure 8, the theoretical efficiency of the PV module 312

can be calculated. The data in Table 3 is shown in the plots given in Figure 13 and Figure 14, 313

respectively. These figures were obtained in GUI’s Block 4 of PVMSim, gray color depicts 314

the area that is occupied by fill factor FF. The I-V characteristic curve is shown in red color 315

for the irradiance and temperature values of operation. The black asterisks represent the 316

calculated electrical parameters. 317

The FF and η are not specified in the datasheet of the sample PV modules. However, 318

Figure 13 and Figure 14 shows the values of these parameters obtained by the two-diode 319

model for STC and NOC, respectively. Note that for both cases, η is different and FF has a 320

difference of 0.01, although these PV modules are of different power and manufacturer, the 321

size of the cells and the silicon technology is decisive. For the NOC, the PmaxC decreases as 322

Tc increases, consequently, the η and the FF decrease. 323

3.4. Obtaining daily energy output 324

In GUI’s Block 5 of the PVMSim, the predictions of the daily output power and 325

energy are shown, using the methodology given in Figure 9. For the aims of this paper, 326

Santiago de Cuba was chosen to simulate the behavior of PV modules, located in geographic 327

coordinates: latitude 20,0051° N, longitude -75,7711° W, elevation 98 m. Simulations for the 328
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Figure 13. I-V curves including electrical parameters for STC, obtained from GUI’s Block 4 of PVMSim.
FF represented by the rectangular area of gray color: (a) HEE215MA68 and (b) SW150polyR6A.
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Figure 14. I-V curves including electrical parameters for NOC, obtained from GUI’s Block 4 of PVM-
Sim. FF represented by the rectangular area of gray color: (a) HEE215MA68 and (b) SW150polyR6A.

days were selected from the NASA dataset: summer solstice day (June 21), autumn equinox 329

(March 21), spring equinox (September 21) and winter solstice (December 21). Figure 15 330

shows the different evolutions of G, Ta and Tc, such as: sunny day (March), partly cloudy 331

day with irregular radiation (September) and partly cloudy day with regular radiation 332

(June and December). 333
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Figure 15. Evolution of G and Tc during the chosen days: (a) March 21, (b) June 21, (c) September 21 and (d) December 21.
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From Figure 15 it can be seen how Ta and G affects Tc according to Equation (15), 334

varying from 6:00 hours to 18:00 hours, reaching the maximum levels at 13:00 hours. Table 5 335

shows the effect of Ta and G on PmaxC and η (Equation (14)) at 13:00 hours, for each day 336

chosen. 337

Table 5. Effect of Ta and G on Tc, PmaxC and η at peak solar hour (13:00 hours).

PV Module Parameter 21th March 21th June 21th Sept. 21th Dec.

HEE215MA68

G (W/m2) 998.7 710.3 602.7 639.5
Ta (◦C) 28.4 29.5 28.2 25.8
Tc (◦C) 59.61 51.7 47.03 45.78

PmaxC (W) 182.51 141.28 124.08 132.06
η (%) 16.25 16.44 16.52 16.55

SW150polyR6A

G (W/m2) 998.7 710.3 602.7 639.5
Ta (◦C) 28.4 29.5 28.2 25.8
Tc (◦C) 60.86 52.58 47.79 46.58

PmaxC (W) 110.13 85.33 74.9 79.66
η (%) 14.74 14.83 14.88 14.89

Figure 16 shows the evolution of maximum power point hourly and daily energy 338

output calculated as the cumulative sum of PmaxC, during the chosen day. 339
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Figure 16. Curves obtained from GUI’s Block 5 of PVMSim. Evolution of the PmaxC and daily energy output: (a-d) HEE215MA68 and
(e-h) SW150polyR6A.

Figure 17 shows a plot with the effect of G and Tc on the PV conversion efficiency, for 340

every month of the year. HEE215MA68 registered levels performance of 16.42% < η < 17%; 341

while the SW150polyR6A registered levels performance of 14.83% < η < 15.12%. 342
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(a) (b)

Figure 17. Curves obtained from GUI’s Block 5 of PVMSim. Variation of η according to the evolution
of G and Tc: (a) HEE215MA68 and (b) SW150polyR6A.

Figure 18 shows the linear correlation of the η vs Tc calculated from Equation (15). The 343

red vertical line indicates the NOCT value while the blue horizontal line indicates the η for 344

NOC. 345
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Figure 18. Curves obtained from GUI’s Block 5 of PVMSim. Linear fit of the η vs Tc: (a) HEE215MA68
and (b) SW150polyR6A.

Therefore, the model can predict that the increase of 1◦C of Tc has an approximate 346

decreasing effect of −0.02 and −0.01 in the efficiency of HEE215MA68 and SW150polyR6A, 347

respectively. This plot helps to improve the prediction of η for different climatic conditions 348

at the PV module installation site. 349

4. Discussion 350

PVMSim is a MATLAB tool that offers a graphical interface that is easily integrated as 351

a Toolbox. In addition, it allows the intuitive modeling and simulation of PV modules. It 352

has the advantage that only the parameters from the datasheet are needed as input data, as 353

well as a meteorological dataset (optional, if is desired to know the daily energy production 354

and the effect of G and Ta on the η). The Toolbox is useful for obtaining important data 355

that can be used in more complex modeling, or as part of more comprehensive algorithms 356

where the extraction of unknown internal parameters is included. 357

GUI’s Block 1 includes the data on the electrical parameters that are usually available 358

in the datasheet provided by the manufacturer and can also be downloaded from the 359

official website. These data are electrical data (PmaxE, Voc, Vmpp, Impp, Isc, NOCT, η, Ki, 360

Kv) and mechanical data (length and width). Some previous studies contemplate the use 361

of other data, such as measurements of V-I curves [40]. The principal advantage of this 362

block is that all the data necessary for the extraction of unknown internal parameters are 363

available and easily accessible to users. 364

GUI’s Block 2 introduces an algorithm for the extraction of internal parameters that 365

uses the two-diode method, which has been validated for its robustness by several previous 366

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 15 May 2023                   doi:10.20944/preprints202305.1039.v1

https://doi.org/10.20944/preprints202305.1039.v1


Version May 5, 2023 submitted to Mathematics 18 of 23

studies [41,48]. Also, this method is used as a reference to know the accuracy of new, 367

complex and modern methods [46,71]. This block includes the Newton-Raphson iterative 368

method, in order to obtain the V-I characteristic curve as close as possible to the curve of the 369

STC of the datasheet, where the value of PmaxC reaches its minimum error below a tolerance 370

≤ 0.01 with respect to PmaxE provided by the manufacturer. Simulations have shown that 371

this method is successful for high irradiance values (400W/m2 to 1000W/m2), for lower 372

values (below 400W/m2) it is less accurate. These results are in agreement with other 373

studies where similar data sets were obtained [41]. This study considered mono-crystalline 374

(HEE215MA68) and multi-crystalline (SW150polyR6A) silicon PV module models, but it 375

has been shown that, in general, this method is very robust for modeling these technologies 376

and also thin-film silicon [42]. 377

There are other methods for the extraction of internal parameters. Recent studies 378

have used the one-diode method [36,72,73] and three-diode [74,75]. However, this method 379

was chosen because it is very efficient and accurate. In addition, it has been proven 380

effective for a wide range of commercial silicon-based PV technologies [42]. Currently 381

and for the next 5 years, PV modules based on crystalline silicon technology will be the 382

market leaders, representing almost 95% of world production [76]. The algorithm used, 383

iteratively calculates the maximum power point until the manufacturer’s PmaxE value is 384

obtained, which considerably improves PV string design and sizing studies. Other studies 385

consider the use of the one-diode model also serves the same purpose when precision is 386

not important. 387

Due to the non-linearity of the model, the computational calculations are not straight- 388

forward. In order to improve the precision in the extraction of the unknown internal 389

parameters, other methods can be used, such as optimization techniques and models based 390

on artificial intelligence [12,17]. However, this takes more computational time. 391

In GUI’s Block 3, the results were compared with the PVsyst, demonstrating that the 392

effect of G and Tc on the PV modules are in the range of professional software simulations 393

that are commonly used worldwide. The metrics are thus demonstrated, with low MAE 394

errors. Users can simulate as many curves as desired to perform analysis, design and sizing 395

of PV systems. 396

In GUI’s Block 4, the electrical parameters of the PV module are calculated and 397

displayed in the plot, which also includes FF and η, which are not provided by the man- 398

ufacturer. This block is useful to find out the efficiency of a specific PV module for the 399

conditions of the installation site. It allows performance for STC to be extrapolated to 400

local performance for conditions anywhere in the world. This block could be of interest to 401

researchers with a special interest in analyzing of FF loss depending on the Tc for the in- 402

dustrial silicon solar cells [77], limitations of FF in heterojunction PV cells [78], assessment 403

the performances and the energy production under various values of Ta and G as well as 404

the correlation between the FF and the weather condition [79]. The Equation (15) could be 405

changed to another method that adds other meteorological parameters (i.e., Ta, G, wind 406

speed and relative humidity) in order to improve the prediction of FF and η, but would 407

require prior experimental analysis at the PV installation site. 408

GUI’s Block 5 simulates the effect of G and Ta on PmaxC, Tc and η throughout the 409

chosen day. The results shown in the plots in Figure 15 are only for during the hours of 410

Sun. This block has the advantage of importing the weather data from a .txt file, which 411

does not limit the source of the data. For this study, the NASA data source was used [57], 412

but users can import climate data measured in situ. Using the tab as separator, the .txt file 413

must be structured as follows: 414

• 1st column: date and time 01/01/2022 0:00:00 415

• 2nd column: irradiance value G (W/m2) 416

• 3th column: ambient temperature value Ta (◦C) 417

Santiago de Cuba (a province in the eastern region of Cuba considered as a study 418

case), has a predominantly humid tropical climate. It is common for the PV modules to 419

reach the operating values presented in Figure 15 and then η decreases to less than 2% 420
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(Figure 18). The results of this block are consistent with other experimental study in the 421

same region of Cuba, in situ measurements based, in which it was proved that for a six 422

months study, the efficiency dropped to 1.9% during the day with the temperature in the 423

range of 17 ◦C < Tc < 67 ◦C [58]. 424

PVMSim make MATLAB easy to use, eliminating the need of uses scripts or Simulink 425

programming. There are other similar GUIs in MATLAB documented in previous studies, 426

in which different characteristics of PV modules were analyzed, both in their intrinsic oper- 427

ation, as well as in real-time supervision, performance under certain operating conditions 428

or technical-economic reliability [18,25,26,67]. It is also common to use other platforms 429

such as Python that integrate with the MATLAB platform [80–82]. The choice of one or 430

another platform often depends on the knowledge and skill of the user. 431

With PVMSim is not possible to identify the PV module that best suit a specific PV 432

project or a specific geographical area. Like other professional software such as PVsyst, 433

SAM, HOMER, the user is responsible for choosing the PV module that best suits their 434

design or sizing needs, and then modeling or simulating the operating conditions of the 435

system’s location. The PV project under evaluation must previously define the PV module. 436

For this reason, the user must study the market to determine the PV module that best suits 437

their requirements. 438

5. Conclusions 439

In this paper, the Matlab’s PVMSim Toolbox was presented. This tool is useful for 440

modeling the characteristics of silicon-based PV modules, as well as for simulating the 441

effect of irradiance and temperature on the PV conversion efficiency. 442

The methods were validated with two PV modules of different silicon technologies, 443

mono-crystalline (HEE215MA68) and multi-crystalline (SW150polyR6A), the results led to 444

the following conclusions: 445

• In Block 1, only the electrical parameters and dimensions of the PV cell from the 446

manufacturer’s datasheet are needed to solve the two-diode model, without the need 447

for field measurements. 448

• In Block 3, the Newton-Raphson iterative method applied to solve the two-diode 449

modeling provided accurate results for extraction of the seven unknown internal 450

parameters (Ipv, Io1, Io2, n1, n2, Rs, Rsh) for the two PV modules investigated. For 451

STC conditions, MAE=0.01 and MAE=0.1 errors were obtained for HEE215MA68 and 452

SW150polyR6A respectively, at the maximum power point, evidenced that the iterative 453

method calculates PmaxC according to the tolerance defined by the manufacturer. 454

• In Block 4, the methodology applied for the plotting of the V-I and V-P characteristic 455

curves, η and FF, allows obtaining them at different irradiance and temperature levels 456

other than STC and NOC laboratory conditions. 457

• In Block 5, the effect of weather parameters (G and Ta ) on electrical parameters (PmaxC, 458

Voc, Vmpp Isc, Impp, FF, η) was simulated using a NASA dataset. Therefore, the daily 459

energy produced is calculated. 460

• Finally, PVMSim is a useful Toolbox for users to model and simulate the PV modules 461

silicon-based, for any weather conditions. This GUI-based tool allows interaction 462

with the other complementary toolboxes of MATLAB that offer a wide variety of 463

engineering and research applications. 464
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