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Abstract: The aim of this work is to introduce new ways to model the I-V characteristic of a PV cell 8 
or PV module using straight lines and Bézier curves. This is a complete novel approach, Bézier 9 
curves being previously used mainly for computer graphics. The I-V characteristic is divided in 10 
three sections, modeled with lines and a quadratic Bézier curve in the first case and with three cubic 11 
Bézier curves in the second case. The result proves to be accurate and relies on the fundamental 12 
points usually present in the PV cell datasheets: ௢ܸ௖ (the open circuit voltage), ܫ௦௖ (the short circuit 13 
current), ௠ܸ௣  (the maximum power corresponding voltage) and ܫ௠௣  (the maximum power 14 
corresponding current) and the parasitic resistances ܴ௦௛଴ (shunt resistance at ܫ௦௖) and ܴ௦଴ (series 15 
resistance at ௢ܸ௖). The proposed algorithm completely defines all the implied control points and the 16 
error is analyzed. The proposed method is validated for different temperatures and irradiances. The 17 
model is finally compared and validated using the least squares fitting method. 18 

Keywords: PV cell; I-V characteristic; model; simulation; interpolation; Bézier curve; control points; 19 
least squares fitting method 20 

 21 

1. Introduction 22 

The forecast of the total PV installs, offered by Bloomberg New Energy Finance (BNEF) predicts 23 
an optimistic growth at 111 GW in 2018, rising to 121 GW in 2019, along with a polysilicon factory 24 
grow boom and module prices drop to US$0.30/W [1], [2]. This robust growth explains the high 25 
interest in PV research, modeling and simulation – along with design and development of PV 26 
equipment.  27 

The electrical characteristics of the PV cell and PV modules have been of interest for several 28 
decades, and different models have been proposed. Phang and Chan [3] were among the first to 29 
propose a solution for PV cell parameter extraction. Villalva et al. [4] developed an algorithm to find 30 
the parameters defining the I-V characteristic for the single diode model of a PV cell, using the 31 
Newton-Raphson method and imposing a minimum error threshold for the maximum power point. 32 
Cubas et al. [5] used the Lambert W-Function for finding the solar panel equivalent circuit parameters 33 
and they also proposed an LTSpice model according to their findings. Temperature influence is 34 
studied by Chander et al. [6].  35 

In a recent work, Cuce et al. [7] claim a good accuracy for their electrical model for a PV module 36 
and they also discuss energy and exergy efficiency as a reliable substitute for the fill factor. In our 37 
previous work [8], we proposed a complete SPICE model including all the parameters variation and 38 
selfheating. All the aforementioned works use an electrical model to describe the behavior of the 39 
circuit and rely on a specific circuit to generate the I-V characteristic of the PV cell or module. 40 

This paper introduces a new approach. This time, the cell or module are not involved at the 41 
electrical level, being defined by just the specific points ௦ܲ௖, ௠ܲ௣, ௢ܲ௖ and by the parallel and series 42 
resistances ܴ௦௛଴ and ܴ௦଴, specified at ܫ௦௖ and ௢ܸ௖, respectively. Carefully inspection of the typical I-43 
V characteristic of the PV module or PV cell (Figure 1a and 1b) shows a similar pattern in all curves. 44 
Our aim was to find a way to model it using smooth curves and datasheet information currently 45 
available.  46 
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 47 

a) b) 

Figure 1. Typical PV module I-V characteristics, with 30 cells connected in series. a) at different temperatures 48 
(0 - 80 °C). b) At different irradiances (200 – 1000 W/m2). 49 

 50 
Bernstein polynomials have been studied since the beginning of the 20th century and they form 51 

the foundation for Bézier curves [9]. The core applications for graphics came first in 1959 when the 52 
French mathematician Paul de Casteljau developed an algorithm able to evaluate a family of specific 53 
curves at Citroën. In 1962 the French engineer Pierre Bézier also used them to design automobile 54 
bodies at Renault and afterwards they got wide acceptance [10].  55 

Bézier curves are largely used in computer graphics [11, 12] and also in time domain for 56 
smoothing the trajectory of the robotic arms, for an accurate gluing or welding path or for trajectory 57 
generation [13]. Further development for shape representation is proposed by Jalba et al. [14]. 58 

The current proposal analyses the use of Bézier curves [15] in order to accurately represent the 59 
I-V characteristic of a PV cell or module. A complete mathematical solution is provided, separately 60 
validated for a PV cell and a PV module and the error is analyzed. The results are also studied for 61 
different temperature and irradiances and finally compared with the ones offered by the least squares 62 
fitting method.  63 

The remainder of this paper is organized as follows: Section 2 briefly analyzes the definition of 64 
the quadratic and cubic Bézier curves and their equations, focusing on the basic knowledge needed 65 
in the subsequent paragraphs. Section 3 deals with the information usually provided by the PV cell 66 
or module manufacturers in their datasheets. The proposed models are covered in Section 4, with 67 
Section 4.1 introducing the approximation with two segments and one quadratic Bézier curve, while 68 
Section 4.2 deals with the better approximation based on three Bézier cubic curves. The models are 69 
rated at the reference temperature, 25°C. The results are also compared with the least squares fitting 70 
method in Section 4.3. In Section 4.4 the influence of the external parameters is analyzed. Discussion 71 
and conclusions are provided in the next Sections. 72 

 73 
 74 
 75 
 76 
 77 

2. Definition of the Bézier Curves 78 

A quadratic Bézier curve (Figure 2) can be specified by three control points [10]: the curve goes 79 
through the ends ଴ܲ and ଶܲ and approximates ଵܲ. 80 
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 81 

Figure 2. A quadratic Bézier curve representation. ଴ܲ  and ଶܲ  are the end points, the control point ଵܲ  is 82 
approximated and the curve is tangent to ଴ܲ ଵܲതതതതതത and ଶܲ ଵܲതതതതതത segments at ଴ܲ and ଶܲ respectively. 83 

 84 
The curve equation is as follows [15]: 85 ܤଶ(ݐ) = (1 − ଶ(ݐ ଴ܲ + 1)ݐ2 − (ݐ ଵܲ + ଶݐ ଶܲ (1) 

where ݐ varies between 0 and 1. Equation (1) can be expressed for the ݔ and ݕ coordinates: 86 

൜(ݐ)ݔ = (1 − ଴ݔଶ(ݐ + 1)ݐ2 − ଵݔ(ݐ + (ݐ)ݕଶݔଶݐ = (1 − ଴ݕଶ(ݐ + 1)ݐ2 − ଵݕ(ݐ +  ଶ (2)ݕଶݐ

The derivative of (1) is: 87 ܤଶᇱ (ݐ) = 2(1 − )(ݐ ଵܲ − ଴ܲ) + )ݐ2 ଶܲ − ଵܲ) (3) 

At the end points, (3) becomes (4): 88 

൜ܤଶᇱ ௧ୀ଴|(ݐ) = 2 ଵܲ − 2 ଴ܲܤଶᇱ ௧ୀଵ|(ݐ) = 2 ଶܲ − 2 ଵܲ (4) 

A cubic Bézier curve (Figure 3) can be specified by four control points [10]: the curve goes 89 
through the ends ଴ܲ and ଷܲ and approximates ଵܲ and ଶܲ. The analytical expression of the curve is 90 
a cubic polynomial. The curve is tangent at ଴ܲ to ଴ܲ ଵܲതതതതതത and at ଷܲ to ଷܲ ଶܲതതതതതത. 91 

 92 

Figure 3. A cubic Bézier curve representation. ଴ܲ and ଷܲ are the end points, the control points ଵܲ and ଶܲ are 93 
approximated and the curve is tangent to ଴ܲ ଵܲതതതതതത and ଶܲ ଵܲതതതതതത segments at ଴ܲ and ଷܲ respectively. 94 

The equation for the Bézier cubic curve is [15]: 95 ܤଷ(ݐ) = (1 − ଷ(ݐ ଴ܲ + 1)ݐ3 − ଶ(ݐ ଵܲ + ଶ(1ݐ3 − (ݐ ଶܲ + ଷݐ ଷܲ (5) 
 96 
The previous equation can be expressed for the ݔ and ݕ coordinates: 97 
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൜(ݐ)ݔ = (1 − ଴ݔଷ(ݐ + 1)ݐ3 − ଵݔଶ(ݐ + ଶ(1ݐ3 − ଶݔ(ݐ + (ݐ)ݕଷݔଷݐ = (1 − ଴ݕଷ(ݐ + 1)ݐ3 − ଵݕଶ(ݐ + ଶ(1ݐ3 − ଶݕ(ݐ +  ଷ (6)ݕଷݐ

The derivative of (5) is: 98 ܤଷᇱ (ݐ) = 3(1 − )ଶ(ݐ ଵܲ − ଴ܲ) + 1)ݐ6 − )(ݐ ଶܲ − ଵܲ) + )ଶݐ3 ଷܲ − ଶܲ) (7) 
 99 
At the end points, (7) becomes (8): 100 

൜ܤଷᇱ ௧ୀ଴|(ݐ) = 3 ଵܲ − 3 ଴ܲܤଷᇱ ௧ୀଵ|(ݐ) = 3 ଷܲ − 3 ଶܲ (8) 

 101 

3. Materials and Methods  102 

The PV cell used in our work is a high efficiency, silicon monocrystalline 156 x 156 mm2 cell [16] 103 
and has the main characteristics summarized in Table 1. 104 

 105 
Table 1. PV Cell main specifications on STC (1000W/m2, AM 1.5, 25°C) 106 

Symbol Description Value௢ܸ௖,௖௘௟௟,௥௘௙ Cell open circuit voltage 0.699 V ܫ௦௖,௥௘௙ Short circuit current 9.207 A ௠ܸ௣ Maximum power voltage 0.572 V ܫ௠௣ Maximum power current 8.756 A ܴ௦௛଴ Shunt resistance at ܫ௦௖ 73.19 Ω ܴ௦଴ Series resistance at ௢ܸ௖ 3.8 mΩ 
 107 
The MSMD290AS-36_EU Monocrystalline PV module [17] is well documented and studied by 108 

Cubas et al. [5]. Its main electrical data is listed in Table 2 and this information will be used in Section 109 
4.4 to evaluate the influence of the temperature and irradiance to our Bézier curves based model. 110 

 111 
Table 2. MSMD290AS-36_EU Module main specifications on STC (1000W/m2, AM 1.5, 25°C) 112 

Symbol Description Value௢ܸ௖,௠௢ௗ௨௟௘,௥௘௙ Cell open circuit voltage 44.68 V ܫ௦௖,௥௘௙ Short circuit current 8.24 A ௠ܸ௣ Maximum power voltage 37.66 V ܫ௠௣ Maximum power current 7.70 A ܴ௦௛଴ Shunt resistance at ܫ௦௖ 316 Ω ܴ௦଴ Series resistance at ௢ܸ௖ 130 mΩ ݇ூ Current temperature coefficient 3.296 mA/K ݇௏ Voltage temperature coefficient -146.256 mV/K ݊௦ Number of series cell 72 

For studying and representing Bézier curves, an interesting application which allows draggable 113 
control points was developed by Mugnaini [18]. For computing the coordinates on the curves we 114 
used the Kronecker tensor product found as in [19]. An example for Bézier least square fitting method 115 
is given in [20]. 116 

4. Results 117 

It must be stressed out that all the physical actual values involved in sections 4.1, 4.2 and 4.3 are 118 
specified at 25°C, being reference values. The irradiance is also standard (1000 W m2ൗ ). As it will be 119 
demonstrated in section 4.4., the same method is suitable for different temperatures and irradiances. 120 
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4.1. I-V Characteristic approximation with two segments and a quadratic Bézier Curve 121 

The first approximation implies five control points: ௦ܲ௖(0, ,(௦௖ܫ ௔ܲ(ݔ௔, ,(௔ݕ ௕ܲ(ݔ௕, ,(௕ݕ ௖ܲ(ݔ௖,  ௖) 122ݕ
and ௢ܲ௖( ௢ܸ௖, 0) and is made of two segment lines ܫ௦௖ ௔ܲതതതതതത and ௕ܲ ௢ܸ௖തതതതതതത and one quadratic Bézier curve 123 
defined by the endpoints ௔ܲ and ௕ܲ and the control point ௖ܲ (figure 4). 124 

 125 

 126 
Figure 4. Projected PV cell I-V characteristic approximation with two straight line segments and one quadratic 127 
Bézier curve. 128 

It has already been proven [3] that the slopes of the lines can be written as (9) and (10): 129 
ฬ௏ୀ଴ܸ݀ܫ݀ 130  = − 1ܴ௦௛଴ (9) 

ฬ௏ୀ௏೚೎ܸ݀ܫ݀ 131  = − 1ܴ௦଴ (10) 

 132 
Thus, the equation for first line is (11): 133 
ܫ 134  = ௦௖ܫ − ܸܴ௦௛଴ (11) 

By choosing ݔ௔ in the linear region (eg 0.6 ௢ܸ௖), one can find ݕ௔ from the above equation, so ௔ܲ 135 
is completely defined. 136 

For the second line, the next equation is valid (12): 137 

ܫ = ௢ܸ௖ − ܸܴ௦଴  (12) 

 138 
The ௖ܲ( ௖ܸ,  ௖) control point has therefore the coordinates defined by (13): 139ܫ

൬ݔ௖ = ௖ܸ = ௢ܸ௖ܴ௦௛଴ − ௦௖ܴ௦௛଴ܴ௦଴ܴ௦௛଴ܫ − ܴ௦଴ , ௖ݕ = ௖ܫ = ௦௖ܴ௦௛଴ܫ − ௢ܸ௖ܴ௦௛଴ − ܴ௦଴ ൰ (13) 

 140 
For ݔ௕, it must be emphasized that its position is on the end of the curve, a realistic value being 141 0.9 ௢ܸ௖. The maximum power point is positioned on the second curve, so solving (14) gives ݐ௠௣: 142 ݐ௠௣ଶ ௔ݔ) + ௕ݔ − (௖ݔ2 + ௖ݔ)௠௣ݐ2 − (௔ݔ + ௔ݔ − ௠ܸ௣ = 0 (14) 
 143 
Replacing the positive solution for ݐ௠௣ in (2) yields ݕ௕ as in (15): 144 
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௕ݕ = ൫2ݐ௠௣ − ௠௣ଶݐ − 1൯ݕ௔ + ௠௣ݐ௠௣൫ݐ2 − 1൯ݕ௖ + ௠௣ଶݐ௠௣ܫ  (15) 

Now all the control points of the plot are completely defined. The results are summarized in 145 
Table 3. The application code written for the coordinate finding can be found here: http://tess.upt.ro. 146 

Table 3. The control point coordinates when using two lines and one quadratic Bézier curve 147 

Point ࢞ coordinate (V) ࢟ coordinate (A)
First line segment ௦ܲ௖ 0 9.207 ௔ܲ 0.4893 9.2003 

Quadratic Bézier Curve ௔ܲ 0.4893 9.2003 ௖ܲ 0.6070 9.1987 ௕ܲ 0.6291 7.0181 
Second line segment ௕ܲ 0.6291 7.0181 ௢ܲ௖ 0.699 0 

 148 
The final plot is represented in Figure 5, where one can observe an excellent correspondence 149 

between the actual PV cell I-V characteristic, represented with black dots and the ௦ܲ௖ ௔ܲതതതതതതത segment (blue 150 
line), a fair correlation for the second range, approximated by the Bézier quadratic curve (red line) 151 
and some modest results in the third region (magenta line). 152 

 153 
Figure 5. PV cell I-V characteristic approximation with two straight lines and one quadratic Bézier curve – 154 
results. 155 

 156 
The same conclusion arises from Figure 6, where the relative error has been plotted. It is worth 157 

mentioning that although the relative error is quite high above 0.64 V (0.92 ௢ܸ௖), the absolute error is 158 
in fact less than 0.7 A in a region where the cell normally should not operate.  159 

 160 
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 161 

Figure 6. Approximation errors are high over 0.64 V. 162 
 163 
Looking for a more accurate model is the reason we came up with the second scenario, where 164 

the I-V characteristic is entirely modeled with cubic Bézier curves. 165 
 166 

4.2. I-V Characteristic approximation with three cubic Bézier curves 167 

In order to have a general solution, we analyzed the case where all three regions are covered 168 
with cubic Bézier curves. This implies 12 control points (Figure 7), i.e. 24 coordinates to be found.  169 

 170 
Figure 7. Projected PV cell I-V characteristic approximation with three cubic Bézier curves. 171 

 172 
The first curve, represented in Figure 8, is described by the control points  ଴ܲ଴(0, ,(௦௖ܫ ଴ܲଵ, ଴ܲଶ 173 

and ଴ܲଷ. It turns out that the linear approximation of the first region of the I-V curve has an error 174 
below 0.5% if ଴ܲଷ௫ = ௢ܸ௖ 2ൗ . During various simulations we have also discovered that all ௝ܲ,௞ points 175 

can be evenly arranged, with ݆ = ሼ1,2ሽ; 	݇ = ሼ1,2,3ሽ. This leads to ଴ܲଵ௫ = ଴ܲଷ௫ 3ൗ  and ଴ܲଶ௫ = 2 ଴ܲଷ௫ 3ൗ . 176 

For the y coordinates, ଴ܲ௞௬ = ௦௖ܫ − ଴ܲ௞௫ ܴ௦௛଴ൗ , with ݇ = ሼ1,2,3ሽ. Now the first curve is completely 177 
defined. 178 
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 179 

 180 
 181 

Figure 8. First Bézier curve with the associated control points. The slope is exaggerated for a better 182 
understanding. 183 

 184 
The second curve (Figure 7) is described by the control points ଵܲ଴ = ଴ܲଷ, ଵܲଵ, ଵܲଶ and ଵܲଷ. We 185 

observed that ଵܲଷ௫ = 0.75 ௢ܸ௖ offers a very good fit of the curve for this type of PV cell. With the same 186 
evenly arrangement for the x coordinates, ଵܲ௞௫ = ଵܲ଴௫ + ݇( ଵܲଷ௫ − ଵܲ଴௫) 3ൗ , with ݇ = ሼ1,2ሽ. ଵܲଵis also 187 

located in the linear region of the I-V curve, so ଵܲଵ௬ = ଴ܲଷ௬ − ଵܲଵ௫ ܴ௦௛଴ൗ . This leaves ଵܲଶ௬ and ଵܲଷ௬ as 188 
unknowns at this stage. 189 

The third curve (Figure 7) is described by the control points ଶܲ଴ = ଵܲଷ, ଶܲଵ, ଶܲଶ and ଶܲଷ( ௢ܸ௖, 0). 190 
Using the same assumptions as for the second curve, ଶܲ௞௫ = ଶܲ଴௫ + ݇( ଶܲଷ௫ − ଶܲ଴௫) 3ൗ , with ݇ = ሼ1,2ሽ. 191 
It is obvious that ଶܲ଴௫ = ଵܲଷ௫ and ଶܲଷ௫ = ௢ܸ௖. The segment ଶܲଶ ଶܲଷതതതതതതതത is tangent to the curve at the point 192 ଶܲଷ, so ଶܲଶ௬ = ( ௢ܸ௖ − ଶܲଶ௫) ܴ௦଴ൗ . This leaves ଶܲଵ௬ as an additional unknown at this step. 193 

For continuity reasons, ଵܲଶ ଵܲଷതതതതതതതത and ଶܲ଴ ଶܲଵതതതതതതതത segments belong to the same line. This implies that 194 
the derivatives of the second curve at ଵܲଷ and of the third curve at ଶܲ଴ are equal (16): 195 3 ଵܲଷ௬ − 3 ଵܲଶ௬ = 3 ଶܲଵ௬ − 3 ଶܲ଴௬ (16) 

Which means that: 196 ଶܲଵ௬ = 2 ଵܲଷ௬ − ଵܲଶ௬ (17) 
 197 
The control point ଵܲଵ is placed on the second curve, so (18) can be written: 198 
 199 ଵܸଵ = ଵܲଵ௫ = (1 − ଵଵ)ଷݐ ଵܲ଴௫ + ଵଵ(1ݐ3 − ଵଵ)ଶݐ ଵܲଵ௫ + ଵଵଶݐ3 (1 − (ଵଵݐ ଵܲଶ௫ + ଵଵଷݐ ଵܲଷ௫ (18) 
 200 
Solving the previous equation and keeping only the real solution for ݐଵଵ, (19) is also valid: 201 ܫଵଵ = ଵܲଵ௬ = (1 − ଵଵ)ଷݐ ଵܲ଴௬ + ଵଵ(1ݐ3 − ଵଵ)ଶݐ ଵܲଵ௬ + ଵଵଶݐ3 (1 − (ଵଵݐ ଵܲଶ௬ + ଵଵଷݐ ଵܲଷ௬ (19) 

Finally, the graph also goes through the MPP point ௠ܲ௣൫ ௠ܸ௣,  ௠௣൯, yielding equation (20):  202ܫ

௠ܸ௣ = ൫1 − ௠௣൯ଷݐ ଶܲ଴௫ + ௠௣൫1ݐ3 − ௠௣൯ଶݐ ଶܲଵ௫ + ௠௣ଶݐ3 ൫1 − ௠௣൯ݐ ଶܲଶ௫ + ௠௣ଷݐ ଶܲଷ௫ (20) 

Keeping only the real solution for ݐ௠௣, (21) is also valid: 203 

௠௣ܫ = ൫1 − ௠௣൯ଷݐ ଶܲ଴௬ + ௠௣൫1ݐ3 − ௠௣൯ଶݐ ଶܲଵ௬ + ௠௣ଶݐ3 ൫1 − ௠௣൯ݐ ଶܲଶ௬ (21) 
 204 
The linear system made of equations (17), (19) and (21) give the last three unknown coordinates 205 ଵܲଶ௬ , ଵܲଷ௬  and ଶܲଵ௬ . The results are summarized in Table 4. The application code written for 206 

coordinate finding can be found here: http://tess.upt.ro. 207 
  208 
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Table 4. The control point coordinates when using three cubic Bézier curves. 209 

Point ࢞ coordinate (V) ࢟ coordinate (A)
First Bézier cubic curve ଴ܲ଴ 0 9.207 ଴ܲଵ 0.1165 9.206 ଴ܲଶ 0.2330 9.204 ଴ܲଷ 0.3495 9.202 

Second Bézier cubic curve ଵܲ଴ 0.3495 9.202 ଵܲଵ 0.4078 9.197 ଵܲଶ 0.4660 9.210 ଵܲଷ 0.5243 9.074 
Third Bézier cubic curve ଶܲ଴ 0.5243 9.074 ଶܲଵ 0.5825 8.939 ଶܲଶ 0.6408 8.616 ଶܲଷ 0.6990 0 

 210 
Figure 9 shows the location of the control points with respect to the I-V characteristic of the PV 211 

cell. The control points ଴ܲ଴, ଴ܲଵ, ଴ܲଶ, ଴ܲଷ = ଵܲ଴  and ଵܲଵ  are collinear and with ௠ܲ௣ , are all being 212 
placed on the I-V characteristic. 213 

 214 
Figure 9. PV cell I-V characteristic (black line, continuous) and the position of the 12 computed control points 215 
(red markers). 216 

 217 
Figure 10 shows the modeled characteristic (red, green and blue lines) overlapping in most areas 218 

with the practical I-V characteristic (black markers). The application code can also be found here: 219 
http://tess.upt.ro. 220 
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 221 
Figure 10. I-V characteristic of a PV cell modeled with three cubic Bézier curves, defined by 12 control points. 222 

 223 
The relative error of the Bézier modeled I-V characteristic against the actual data taken from [8] 224 

is shown in Figure 11. It must be emphasized that in the 0 … 0.94 ௢ܸ௖ range, the relative error is below 225 
1%. Above 0.94 ௢ܸ௖ the absolute error is less than 72mA, while the reference ܫ௦௖ = 9.207A.  226 

 227 
Figure 11. The relative error of our model compared with the actual data. Good performance can be observed 228 

in the 0…0.5 V interval and near ௠ܸ௣. Higher errors occur near ௢ܸ௖ for low output currents. 229 
 230 

4.3. Data fitting using the least squares method 231 

Data fitting using the least squares method is a standard approach in data analysis [21, 22]. A 232 
good overview of curve fitting using Bézier cubic curves in image processing is given by Shao et al. 233 
in [23], while Zhao et al. [24] extend this method using a genetic algorithm for parameter optimization 234 
for Bézier curve fitting. In Section 4.2 we have shown that for the studied PV cell, the best results arise 235 
when the ݔ  coordinates of the middle end points are set at 0.5 ௢ܸ௖  and 0.75 ௢ܸ௖  respectively. A 236 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 2 February 2018                   doi:10.20944/preprints201802.0014.v1

http://dx.doi.org/10.20944/preprints201802.0014.v1


 11 of 16 

similar conclusion arises if the least squares method is used for the same cell modeling. Running the 237 
least squares method for the MSMD290AS-36_EU Monocrystalline PV module proved that the 238 
minimum error occurs when the control points are set at 0.5 ௢ܸ௖  and 0.8 ௢ܸ௖  respectively. Table 5 239 
summarizes the data fitting results for the same PV cell used in sections 4.1 and 4.2, where the results 240 
from the two approaches are very close. The graphical representation of the date fitting is given in 241 
Figure 12, where just the endpoints are represented.  242 

Table 5. Control point coordinates comparison. On the left, the least squares method is used for 243 
computation, on the right the same values as in Table 4 are listed. 244 

 Least Squares Method Proposed Method 
Point ݔ coordinate (V) ݕ coordinate (A) ݔ coordinate (V) ݕ coordinate (A) 

First Bézier cubic curve ଴ܲ଴ 0 9.207 0 9.207 ଴ܲଵ 0.1165 9.206 0.1165 9.206 ଴ܲଶ 0.2330 9.204 0.2330 9.204 ଴ܲଷ 0.3495 9.202 0.3495 9.202 
Second Bézier cubic curve ଵܲ଴ 0.3495 9.202 0.3495 9.202 ଵܲଵ 0.4076 9.183 0.4078 9.197 ଵܲଶ 0.4658 9.245 0.4660 9.210 ଵܲଷ 0.5239 9.103 0.5243 9.074 
Third Bézier cubic curve ଶܲ଴ 0.5239 9.103 0.5243 9.074 ଶܲଵ 0.5823 8.9646 0.5825 8.939 ଶܲଶ 0.6406 8.6723 0.6408 8.616 ଶܲଷ 0.6990 0.003 0.6990 0 

 245 

 246 

Figure 12. Bézier approximation using the least squares method. 247 
 248 
Figure 13 depicts the relative error of the modeled I-V characteristic compared with the actual 249 

data taken from our previous work [8]. In the 0…0.96 ௢ܸ௖  range, the relative error is below 2%. 250 
Furthermore, above 0.96 ௢ܸ௖, the absolute error is less than 66 mA, while the reference short circuit 251 
current is 9.207A.  252 
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 253 
Figure 13. The relative error of the least squares method Bézier based approximation compared with the actual 254 
data. The absolute error ∆ܫ = ஻݁௭௜௘௥ܫ −  is also indicated. 255 ܫ

 256 

4.4. Parameters variation 257 

In order to finally validate the proposed method, in this section we analyze the temperature and 258 
irradiance influence for the MSMD290AS-36_EU Monocrystalline PV module. An extensive study of 259 
the parameters influence over the PV cell can be found in [8]. It is important to notice that the Bézier 260 
approximation is not related to any of these parameters, just to the specified points ௦ܲ௖, ௠ܲ௣, ௢ܲ௖ and 261 
the parasitic resistances ܴ௦௛଴  and ܴ௦଴  as already stated. The challenge becomes in this case the 262 
finding of the new position for the control points and the new values for the parasitic resistances. 263 

Villalva et al. [4] accurately describe the short circuit current variation as in (22): 264 
௦௖ܫ 265  = ൬ܴ௦௛ + ܴ௦ܴ௦௛ ௦௖,௥௘௙ܫ + ݇ூ∆ܶ൰ ௥௘௙ܩܩ ≈ ൫ܫ௦௖,௥௘௙ + ݇ூ∆ܶ൯  ௥௘௙ (22)ܩܩ

Ishaque and Salam [7] propose for the ௢ܸ௖,௖௘௟௟ the following variation (23): 266 

௢ܸ௖,௖௘௟௟ = ଴ܸ௖,௖௘௟௟,௥௘௙ + ܽ ݍܶ݇ ݈݊ ௥௘௙ܩܩ + ݇௩∆ܶ (23) 

Equation (23) proved to be too conservative in this case, as larger ௢ܸ௖,௖௘௟௟  variations were 267 
observed. A better approximation is the empirical law (24): 268 

௢ܸ௖ = 29.579 + 2.1934 lnܩ (24) 

A possible way for defining ܴ௦௛ behavior is suggested in [8], as in (25) with ݇ோ௦௛ estimated as 269 
8 for the best fit. 270 ܴ௦௛ = ܴ௦௛,௥௘௙ ൬ ௥ܶ௘௙ܶ ൰௞ೃೞ೓ (25) 

For ܴ௦, a linear variation law (26) is given in [8] with ߙோ௦ = −0.01Kିଵ, again for the best fit: 271 ܴ௦ = ܴ௦,௥௘௙ൣ1 + ோ௦൫ܶߙ − ௥ܶ௘௙൯൧ (26) 
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Figure 14 shows the irradiance influence for the I-V module characteristic, where the approximated 272 
data using our proposed method is plotted with solid lines and the experimental data is represented 273 
with markers. ܫ௦௖, ௢ܸ௖, ܴ௦௛ and ܴ௦ were computed using (22), (24), (25) and (26) respectively. 274 

 275 
Figure 14. Bézier approximation of the I-V irradiance dependent characteristics for the MSMD290AS-36_EU 276 
monocrystalline PV module. The lines represent the computed curves, whereas the markers represent the actual 277 
data. 278 

The temperature dependent Bézier curves resulted from our algorithm compared with the actual 279 
data are introduced in Figure 15. Once again, the results show a very good correlation between the 280 
modeled data and the actual data. 281 

 282 
Figure 15. Bézier approximation of the I-V temperature dependent characteristics for the MSMD290AS-36_EU 283 
Monocrystalline PV module. The lines represent the computed curves, whereas the markers represent the actual data. 284 
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5. Discussion 285 

In all studied cases, the x coordinates can be evenly spaced. Both for the PV cell and for the PV 286 
module, the first Bézier cubic curve was very close to a straight line and ended at ݔ଴ଷ = 0.5 ௢ܸ௖. The 287 
middle curve ended at ݔଵଷ = 0.75 ௢ܸ௖ for the PV cell and at 0.8 ௢ܸ௖ for the PV module. The relative 288 
error is below 1% in the 0 … 0.94 ௢ܸ௖ range for the studied PV cell, and the overall absolute error is 289 
less than 72mA, for ܫ௦௖,௥௘௙ = 9.207A. 290 

The differences between the results obtained with the proposed method and the least squares 291 
method are negligible (less than 1% for all coordinates). ܴ௦ and ܴ௦௛ can be easily derived from the 292 
manufacturer’s datasheet, using for example the method proposed by Vilallva et al. [4]. In most cases 293 ܴ௦௛ ≈ ܴ௦௛௢ ; for the PV cell analyzed here, ܴ௦௛ = 73.19Ω, while ܴ௦௛଴ = 73.18Ω. Larger differences 294 
occur for the series parasitic resistance: for the same PV cell, ܴ௦ = 3.8݉Ω, while ܴ௦଴ = 7.2݉Ω. For 295 
different irradiances and temperatures, the section 4.4 provides all the necessary formulae.  296 

6. Conclusions 297 

A novel method for modeling a PV cell or a PV module I-V characteristic has been introduced. 298 
To the best of our knowledge, Bézier curves were not used to model the I-V characteristic of PV 299 
devices before. The method proved good accuracy and was validated both in the case of a single PV 300 
cell and in the case of a whole PV module. The method was also used in the case of varying irradiance 301 
and temperature. The proposed method can be used for implementing hardware solar array 302 
simulators, for teaching or remote study. It is far more easy to use the proposed method to find the 303 
I-V characteristic of a PV cell or module when compared with solving the exponential equations 304 
associated with the single or double diode model largely used today.  305 

The advantage of our method relies in the ease of I-V characteristic generation: if we exclude ௢ܸ௖ 306 
and ܫ௦௖, only 16 different values (coordinates) have to be stored – SAS manufacturers usually use 307 
1024 double points to accurately define the I-V characteristic. Furthermore, little knowledge of the 308 
device itself is required, as only common data from the datasheet is needed. 309 
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Nomenclature 318 

Main Symbols 319 ܽ   Diode ideality factor 320 ܩ	   Actual irradiance  321 ܩ௥௘௙   Reference irradiance, 1000 W/m2 322 ܫ    Output current 323 ܫ௠௣    Output current at maximum power point 324 ܫ௦௖   Short circuit current 325 ܫ௦௖,௥௘௙   Short circuit current 25°C 326 ݇    Boltzmann constant 327 ݇ூ    Current temperature coefficient, A/K 328 ݇௏    Voltage temperature coefficient, V/K 329 ݇ோೞ೓     ܴ௦௛	temperature exponent 330 ݊௦    Number of series cells 331 ௠ܲ௣ = ௠ܸ௣ܫ௠௣  Maximum output power 332 
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 15 of 16 ݍ    Electron charge 333 ܴ௦    Series resistance 334 ܴ௦,௥௘௙   Series resistance at 25°C 335 ܴ௦଴    Series resistance based on I-V characteristic slope close to ௢ܸ௖ 336 ܴ௦௛    Parallel (shunt) resistance 337 ܴ௦௛,௥௘௙   Parallel (shunt) resistance, at 25°C 338 ܴ௦௛଴   Parallel (shunt) resistance based on I-V characteristic slope close to ܫ௦௖ 339 ܶ    Internal temperature, [K] 340 ௥ܶ௘௙   Reference temperature 298.15 K 341 ∆ܶ = ܶ − ௥ܶ௘௙  Temperature difference 342 ܸ    Output voltage 343 ௢ܸ௖     Open circuit voltage 344 ௢ܸ௖,௥௘௙    Open circuit reference voltage at 25°C 345 ௢ܸ௖,௖௘௟௟   Solar cell open circuit voltage 346 ௢ܸ௖,௖௘௟௟,௥௘௙  Solar cell open circuit reference voltage at 25°C 347 ௠ܸ௣    Output voltage at maximum power point 348 

Abbreviations 349 
AM   Air Mass 350 
MPP   Maximum power point 351 
PV    Photovoltaic 352 
SAS   Solar Array Simulator 353 
STC   Standard Test Conditions (cell temp. 25°C; irradiance 1000 W/m2; air mass 1.5) 354 

Greek Symbols 355 ߙோ௦    Series resistance temperature coefficient (linear law) 356 

 357 
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