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Abstract 
The aim of this work is to present two different approaches for modeling a photovoltaic panel 
(PV) fully illuminated. Generally, the physic’s model (White box) takes into account the 
physic, electronic and energetic behavior of different compound of the system’s model, as 
function of the solar irradiance and operating temperature. The statistician model (Black box) 
using the Design of Experiment method considers a physical system as a black box with 
various inputs (factors) and outputs (responses). Each approach has specific advantages, they 
are complementary. 
1.Introduction 
Many researchers (whether mathematicians or researchers from other disciplines: physics, 
chemistry, biology, pharmacy, etc) are unaware of the DoE. Mathematicians, first of all, worry 
when they see a publication containing words such as photovoltaic, chemical field, etc. They 
imagine that it is another discipline than mathematics and statistics. As for physicists, 
chemists, etc, they also worry because when they read the publication (case of the three 
publications [1,2,3]) they only discover mathematics and statistics throughout the publication, 
with a minimum of diagrams and information on physics, chemistry, etc. They deduce that the 
DoE should be taught to all disciplines without distinction in order to reconcile theoretical and 
experimental research as they are complementary. 
Several works have been carried out to model and predict the behavior of a PV panel operating 
under normal conditions or subject to malfunctions due to shading problems. Generally, the 
modeling of the operation of a PV system is based on its physical, electronic and energy 
behavior as a function of illumination and temperature. These models often involve 
transcendent functions such as exponentials. We introduce a new approach, Design of 
Experiments Method (DoE), which uses statistical tools. We propose the name 
“Physicsmetrics” for this approach when we apply DoE on physics systems. The operation is 
described using a mathematical model, always in polynomial form, established from 
experimental measurements. 
The physicist's approach consists in representing the PV panel by an equivalent electrical 
diagram on which the physical laws are applied to obtain a mathematical model linking the 
current and the voltage delivered. We will present some methods developed by researchers on 
the determination of the physical parameters constituting the model. 



 

The statistician's approach consists of using measurements made on the panel to establish 
several models of different parameters to give graphic representations and their interpretations.
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in which interesting perspectives for the continuation of this work will be proposed.
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electrical diagram of a solar cell. The current generator 
photoelectronic current) is placed in parallel with a diode carried by the direct current 

 
Fig.1. Solar cell diagram. 

The experimental variations of the delivered electric current I as a function of the delivered 
are given by the characteristic curve I-V shown in Fig.2. 

 
Fig.2. Characteristic curve 𝐼 = 𝑓(𝑉). 

circuit current (𝑉 = 0, 𝐼 = 𝐼௦௖), Voc is the open circuit voltage 
the maximum power point (𝑉 = 𝑉௠, 𝐼 = 𝐼௠). 

The mathematical characteristic of a solar cell is given by : 
𝐼௣ℎ − 𝐼௢ ቂexp (

௤

஺௞்
𝑉) − 1ቃ                                                   

depends only on the intensity of the incident light energy and therefore on its 
is the reverse saturation current, A the diode quality factor, 

the Boltzmann’s constant and T the temperature expressed in Kelvin. As 
, this model widely used is based on an implicit equation. Moreover, with all these 

parameters varying with irradiance and temperature this model is also difficult to solve.
By substituting the coordinates of the points Isc  and Voc we obtain : 

𝑉 = 0 𝐼 = 𝐼௣ℎ 

𝐼 = 0 𝑉௢௖ =  
𝐴𝑘𝑇

𝑞
ln(1 +

𝐼௣ℎ

𝐼௢
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Equivalent diagram of a PV 

 
Equivalent diagram of a photovoltaic panel. 
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The statistician's approach consists of using measurements made on the panel to establish 
several models of different parameters to give graphic representations and their interpretations. 

two approaches will be given in conclusion 
in which interesting perspectives for the continuation of this work will be proposed. 

ell. The current generator Iph (or 
photoelectronic current) is placed in parallel with a diode carried by the direct current Id. [4] 

as a function of the delivered 

the open circuit voltage 

                                                  (1) 
depends only on the intensity of the incident light energy and therefore on its 

the diode quality factor, q the electronic 
the temperature expressed in Kelvin. As shown by 

, this model widely used is based on an implicit equation. Moreover, with all these 
parameters varying with irradiance and temperature this model is also difficult to solve. 
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Fig.3 shows the electrical diagram equivalent to the solar panel. Two resistors have been 
added: Rs (series resistance), linked to the impedance of the electrodes and the semiconductor 
and Rsh (shunt or parallel resistance), which corresponds to a leakage resistance between the 
two zones n and p of the junction [4]. 
2.3. Mathematic model 
The laws of electronics make it possible to establish the following model: 

𝐼 = 𝐼௣ℎ −
௏ାூ ೞ

ோೞℎ
− 𝐼଴ ቂexp

௤

஺௞்
(𝑉 + 𝐼𝑅௦) − 1ቃ                                  (2) 

The model involves the five parameters: Iph, Io, A, Rs and Rsh, which depend on a set 
temperature and illumination. If 𝑅௦ = 0 and 𝑅௦௛ = 0 infinite, we find the ideal equation (1) of 
the photovoltaic cell. 
2.4. The fill factor FF 
The Fill Factor is defined by the ratio between the maximum power delivered Pmax and the 
product of Voc by Isc, 𝐹𝐹 =

୔೘ೌೣ

௏೚೎୍౩ౙ
. This factor measures the quality of the cell. The closer it is to 

1, the better the quality of the cell. For a commercial cell, this factor is around 0.70. 
3. Main physic’s methods for determining the parameters Rs, A, Pmax, Io, Rsh and 
Iph of the mathematical model 
The methods for determining the characteristic parameters of a photovoltaic panel can be 
graphical, analytical or numerical. Most are based on approximations. 
In this section we will collect some of these methods. 
3.1. Determination of Rs [M.Wolf et H.Ranschenbach. 1963] [5]  
The series resistor Rs decreases the maximum output power Pmax, hence the importance of this 
factor. 
We can determine Rs by variant of two levels of illumination Iph1 and Iph2 (Fig.4) and ignoring 
the effect of Rsh. equation (2) will be  𝐼 = 𝐼௣ℎ − 𝐼଴ ቂexp 

௤

஺௞்
(𝑉 + 𝐼𝑅௦) − 1ቃ. 

For two level of illumination we have ∆𝐼௣ℎ = 𝐼௣ℎଶ − 𝐼௣ℎଵ  so: 
𝐼ଶ − 𝐼ଵ = ∆𝐼௣ℎ − 𝐼଴ ቂexp 

𝑞

𝐴𝑘𝑇
(𝑉ଶ + 𝐼ଶ𝑅௦) − exp 

𝑞

𝐴𝑘𝑇
(𝑉ଵ + 𝐼ଵ𝑅௦)ቃ 

since the diode voltage is the same for both illuminations, we can write: 𝑉ଶ + 𝐼ଶ𝑅௦ = 𝑉ଵ + 𝐼ଵ𝑅௦ 
so 𝑅௦ =

∆௏

∆ூ೛ℎ
. 

 

 

 

 

Fig.4. Experimental method of measuring Rs by illumination variation. 
Therefore, we can graphically determine the values of ∆𝑉 for different values of ∆𝐼 in order to 
deduce the values of Rs. 
3.2. Determination of 𝑹𝒔 [tangente methode] [4] 
This is a quick method which consists in calculating the slope of the tangent of the curve I(V) 
at the point 𝑉 = 𝑉௢௖ . 

∆𝑉 

𝑅௦ =
∆𝑉

∆𝐼௣௛
 

𝑉 

I 

Iph1 

Iph2 

 

∆𝐼௣௛ 
∆𝐼 

∆𝐼 
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We concider expression 𝑓(𝐼, 𝑉) = 𝐼௣ℎ − 𝐼 −
௏ାோೞூ

ோೞℎ
− 𝐼଴ ቂexp

௤

஺௞்
(𝑉 + 𝑅௦𝐼) − 1ቃ = 0. 

The slope is 𝑝 = ቀ
ௗூ

ௗ௏
ቁ

௏ୀ௏೚೎

. The derivative of  𝑓(𝐼, 𝑉) = 0 is 𝑑𝑓 =
ௗ௙

ௗூ
 𝑑𝐼 +

ௗ௙

ௗ௏
 𝑑𝑉 = 0, where 

ௗூ

ௗ௏
= 𝑝 = −

೏೑

೏ೇ
೏೑

೏಺

. So the slope is 𝑝 =
ିூబ  (

೜

ಲೖ೅
)  ୣ୶୮ (

೜

ಲೖ೅
 ௏೚೎ )

ଵା(
೜

ಲೖ೅
) ோೞ ூబ ௘௫௣(

೜

ಲೖ೅
 ௏೚೎ )

. 

For  𝑉 = 𝑉௢௖, 𝐼 = 0, and because 𝐼଴ ≪ 𝐼௣௛ and ௏೚೎

ோೞ೓
≪ 𝐼௣௛ (prouved by numerical values) we have 

𝐼௣௛ = 𝐼଴  exp (𝑞/𝐴𝑘𝑇 𝑉௢௖). The slope becomes 𝑝 = −
೜

ಲೖ೅
ூ೛೓

ଵା
೜

ಲೖ೅
ோೞ ூ೛೓

. 

In the condition ௤

஺௞்
 𝑅௦ 𝐼௣௛ ≫ 1 which makes it possible to apply the principle of this method, 

the slope will be ିଵ

ோೞ
 where : 𝑅௦ =

ିଵ

௣
. 

this method is advantageous in the study of cells with high concertation and at a constant T, 
in these cases Iph is large [1]. 
3.3. Determination of A and Rs [Masatoshi Warachima & Akio Ushirokawa. 
1980][5] 
Under illumination, neglecting Rsh and for the boundary conditions Voc and Isc, the equation (2) 
gives : 
 𝐼௦௖ = 𝐼௣௛ − 𝐼଴ [exp 

௤

஺௞்
(𝑅௦ 𝐼 + 𝑉) − 1] 

 𝐼௦௖ = 𝐼௣௛ − 𝐼଴ [exp 
௤

஺௞்
 𝑅௦ 𝐼௦௖ − 1] 

 0 = 𝐼௣௛ − 𝐼଴ [exp 
௤

஺௞்
𝑉௢௖ − 1], after eliminating Iph we will get : 

 𝐼଴ = 𝐼௦௖  ቂ𝑒𝑥𝑝
௤

஺௞்
𝑉௢௖ − exp

௤

஺௞்
𝑅௦ 𝐼௦௖ ቃ

ିଵ
 

With the condition 𝑉௢௖ ≫ 𝑅௦ 𝐼௦௖ i.e  
௤

஺௞்
 𝑉௢௖ ≫  exp 

௤

஺௞்
(𝑅௦ 𝐼௦௖ ) we get:  

𝑉 = 𝑉௢௖ − 𝑅௦ 𝐼 +
஺௞்

௤
𝐿𝑜𝑔 

ூೞ೎ିூ

ூೞ೎
                                                    (3) 

by differentiating V with respect to I: ௗ௏

ௗூ
 give: 𝑅(𝐼) = 𝑅௦ +

𝐴𝑘𝑇

𝑞

ଵ

ூೞ೎ିூ
 with 𝑅(𝐼) = −

ௗ௏

ௗூ
 is the 

dynamic resistance, its values are obtained from the curve 𝐼 = 𝑓 (𝑉) from the line 𝑅(𝐼) = 𝑓(
ଵ

ூೞ೎ିூ
) 

in the form 𝑌 =
𝐴𝑘𝑇

𝑞
𝑋, we deduce Rs the y-intercept and the slope A. (Fig. 5) 

 

 

 

Fig.5. Determination of 𝐴 and 𝑅௦. 

The advantage of this method is the constant illumination, so no movement of the light source 
or the cell, nor variation in resistance, except that the condition 𝑽𝒐𝒄 ≫ 𝑹𝒔 𝑰𝒔𝒄 must be 
respected. 
3.4. Determination of Pmax and of Vm [Masatoshi Warachima & Akio Ushirokawa. 
1980] [5] 
Given 𝑃௠௔௫ = 𝐼௠ × 𝑉௠, we will first determine the value of Vm, we derive P with respect to V 
and we calculate the zero of the derivative: ௗ௉

ௗ௏
= 0. 

The equation (3) becomes  ூೞ೎ିூ

ூೞ೎
= 1 −

ூ

ூೞ೎
= 𝑒𝑥𝑝

௤

஺௞்
(𝑉 − 𝑉௢௖  ) 𝑒𝑥𝑝 

௤

஺௞்
(𝑅௦ 𝐼). 

1

𝐼௦௖ − 𝐼
 

𝑅(𝐼) 

𝑅௦ 
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𝑉 

𝐿𝑜𝑔𝐼 

𝐿𝑜𝑔𝐼௢ 

We suppose ௤

஺௞்
(𝑅௦ 𝐼) < 1 then we develop 𝑒𝑥𝑝

௤

஺௞்
(𝑅௦ 𝐼) to power series up to 1st order: 

𝑒𝑥𝑝
௤

஺௞்
(𝑅௦ 𝐼) ≈ 1 +

௤

஺௞்
(𝑅௦ 𝐼) we obtain: 𝑃 = 𝑉 𝐼௦௖  

ଵି௘௫௣ 
೜

ಲೖ೅
 (௏ି௏೚೎ )

ଵା
೜

ಲೖ೅
 (ோೞ ூೞ೎ ) ௘௫௣

೜

ಲೖ೅
(௏ି௏೚೎)

. 

Now we calculate ௗ௉ 

ௗ௏
 by averaging the following approximations: 

 𝑒𝑥𝑝 2
௤

஺௞்
 (𝑉 − 𝑉௢௖) ≪ 𝑒𝑥𝑝

௤

஺௞்
 (𝑉 − 𝑉௢௖) 

 ௤

஺௞்
(𝑅௦ 𝐼௦௖ ) 𝑒𝑥𝑝

௤

஺௞்
 (𝑉 − 𝑉௢௖) < 1 

We obtain 𝑉௠ = 𝑉௢௖ −
௅௢௚[൬ଵା

೜

ಲೖ೅
(ோೞ ூೞ೎)൰ቀଵା

೜

ಲೖ೅
௏೚೎ቁ] 

೜

ಲೖ೅
ା(௏೚೎ା

ಲೖ೅

೜
)షభ

 where 𝑃௠௔௫ = 𝐼௦௖ 𝑉௠  
ଵି௘௫௣ 

೜

ಲೖ೅
 (௏೘ି௏೚೎ )

ଵା
೜

ಲೖ೅
 (ோೞ ூೞ೎ ) ୣ୶୮ (ଵି

೜

ಲೖ೅
 ௏೚೎)

. 

The classical method of determining the points (Vm,Im) consists in finding the biggest value of 
V.I, which corresponds to finding the slope of the characteristic curve with the hyperbola 
𝑃 = 𝑉. 𝐼 = 𝑐𝑡𝑒. This result without approximation depends only on the precision of the 
measurement (Fig.6). 
 

 
 
 
 
 
 
 

Fig.6. Determination of 𝑃௠௔௫ = (𝑉௠, 𝐼௠). 
3.5. Gaphic determination of A, I0 and Rs [D.Bonnet] [5] 
In dark, 𝐼௣௛ = 0, when 𝑅௦௛ is big we get: 
 𝑅௦ 𝐼 ≪ 𝑉 because 𝑅௦ is small 
 exp (

௤

஺௞்
𝑉) ≫ 1, so the equation (2) becomes 𝐼 = 𝐼଴ .  exp (

௤

஺௞்
 𝑉) so 𝐿𝑜𝑔𝐼 = 𝐿𝑜𝑔𝐼଴ +

௤

஺௞்
𝑉. 

𝐿𝑜𝑔𝐼 = 𝑓(𝑉) is the semi-logarithmic line which gives the slope ௤

஺௞்
 hence the value of A and 

the ordinate of the origin I0 : 
 
 
 
 

Fig. 7. Determination of A and I0. 
If we cannot neglect Rs I in front of V this curve is no longer a straight line, which will only be 
visible for large values of the intensity I (Fig.8): 𝐿𝑜𝑔𝐼 = 𝐿𝑜𝑔𝐼଴ +

௤

஺௞்
(𝑉 + 𝑅௦ 𝐼) where 𝑅௦ =

∆௏

ூ
.                     

 

 

 

 
 

Fig.8. Determination of Rs. 

𝑉 

𝐿𝑜𝑔𝐼 

𝑉 𝑅𝑠𝐼 = ∆𝑉 

𝐼 
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This method neglects the variation of the parameters with the illumination of the solar cell. 
The logarithmic plot has good linear form if the circuit current is low, exp (

௤

஺௞்
 𝑅௦ 𝐼௦௖ )~1 and 

𝑅௦ is very low. 
3.6. Gaphic determination of Rsh [M.Wolf & H.Ranschenbach. 1963] [5] 
 The value of Rsh can be obtained by using the inverse of the characteristic curve in the dark 
(Fig.9): 
 

 

 

 

Fig.9. Inverse characteristic in the dark. 

Here 𝐼௣௛ = 0 and in the 3rd quadrant of the current-voltage curve 𝑉 < 0, as soon as 
exp (

௤

஺௞்
 𝑉) ≪ 1 (because – 𝑉 ≫

஺௞்

௤
) the relation (2) becomes 𝑉 = (𝑅௦ + 𝑅௦௛ )𝐼 − 𝑅௦௛𝐼௢. So the 

slope gives (𝑅௦ + 𝑅௦௛ ) where 𝑅௦௛ ≫ 𝑅௦. in the dark, the solar cell is considered as a diode. The 
use of this method requires very effective temperature stabilization. The method always leads 
to much higher values of 𝑅௦.[1] 
3.7. Numerical method for determining the parameters 𝑰𝒑𝒉, 𝑰𝒐, 𝑨, 𝑹𝒔 and 𝑹𝒔𝒉 [J.P. 
Charles, M. Abdelkrim, Y.H. Muoy & P.Mialhe. 1981] [5] 
The method proposed here is a numerical resolution, the parameter 𝐴, 𝐼௢, 𝑅௦, 𝐼௣௛ and 𝑅௦௛ are 
determined from data measured relating to 𝑉௢௖, 𝐼௦௖ and the corresponding slopes at these 
points. 
 for 𝐼 = 0, 𝑉 = 𝑉௢௖, the equation (2) implies: 0 = 𝐼௣௛ −

௏೚೎

ோೞ೓
− 𝐼௢ [𝑒𝑥𝑝(

௤

஺௞்
 𝑉௢௖) − 1],  

 for 𝑉 = 0, 𝐼 = 𝐼௦௖, the equation (2) implies: 𝐼௦௖ = 𝐼௣௛ −
ோೞ ூೞ೎

ோೞ೓
− 𝐼௢ [𝑒𝑥𝑝 ቀ

௤

஺௞்
𝑅௦ 𝐼௦௖ ቁ − 1], 

from these two equations we get  ቐ
𝐼௣௛ = 𝐼௦௖  (𝐴ଵ − 1) +

௏೚೎

ோೞ೓

𝐼௢ = ቂ𝐼௦௖  ቀ1 −
ோೞ

ோೞ೓
 ቁ −

௏೚೎

ோೞ೓
 ቃ

ଵ

(஺భି஺మ )

 . 

With: 𝐴ଵ =  𝑒𝑥𝑝(
௤

஺௞்
 𝑉௢௖  ) and 𝐴ଶ =  𝑒𝑥𝑝(

௤

஺௞்
 𝑅௦ 𝐼௦௖ ) and by differentiating the equation (2) we 

will have 

⎩
⎨

⎧𝑅௦ = 𝑅௦௢ −
ଵ

ூ೚ఉ஺భା
భ

ೃೞ೓

𝑅௦௛ =
ଵ

భ

ೃೞ೓೚
ିோೞିூ೚ఉ஺భ

 . 𝑅௦௢ et 𝑅௦௛௢ are the dynamic resistances, the experimental 

slopes of the curve 𝐼 = 𝑓(𝑉) in the neighborhood of 𝑉௢௖   and the neighborhood of  𝐼௦௖. 

ቐ

 ௗூ

ௗ௏
ቚ
ூୀ଴

= −
ଵ

ோೞ೚

 ௗூ

ௗ௏
ቚ
௏ୀ଴

= −
ଵ

ோೞ೓೚

 . 

For each value of A we get the parameters 𝐼௣௛, 𝐼௢, 𝑅௦ and 𝑅௦௛ 
The characteristic parameters of the I-V equation are very sensitive for a slight variation of A, 
mainly in the neighborhood of the point 𝑃௠௔௫(𝐼௠, 𝑉௠). So we can deduce A by the equation (2) 
for 𝐼 = 𝐼௠ and 𝑉 = 𝑉௠: 𝐼௠ = 𝐼௣௛ −

௏೘ାோೞூ೘

ோೞ೓
− 𝐼଴[exp 𝛽( 𝑉௠ + 𝑅௦𝐼௠) − 1]. 

𝑅௦௛ =
∆𝑉

∆𝐼
 

∆𝐼 

∆𝑉 

𝑉 

𝐼 
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3.8. Determination of 𝑰𝒑𝒉, 𝑰𝟎, A, 𝑹𝒔 and 𝑹𝒔𝒉 with Newton-Raphson method [6,7] 
It is possible to determine these parameters by iterative methods. The Newton-Raphson 
method is chosen for the rapid convergence of the response [4]. It is one of the most widely 
used methods for solving a system of nonlinear equations. The algorithm of this method is 
based on the use of the Taylor expansion. To solve the equation 𝑓(𝑥) = 0, starting from an 
initial value x0, one seeks a correction ∆𝑥 such as 0 = 𝑓(𝑥 + ∆𝑥) by doing a Taylor expansion 
around 𝑥 = 𝑥଴, we find: 

0 =  𝑓(𝑥଴) = 𝑓ᇱ(𝑥଴). ∆𝑥 + ቆ
𝑓ଶ(𝑥଴). ∆𝑥ଶ

2!
ቇ + ቆ

𝑓ଷ(𝑥଴). ∆𝑥ଷ

3!
ቇ + ⋯ 

It suffices now to ignore order terms higher than or equal to 2 in ∆𝑥 to obtain ∆𝑥 = −
௙(௫బ)

௙ᇱ(௫బ)
. 

The correction is the quantity that must be added to cancel the function 𝑓(𝑥଴) since we have 
neglected the order terms higher than or equal to 2 in the Taylor expansion, this correction is 
not perfect and we put 𝑥ଵ = 𝑥଴ + ∆𝑥 so 𝑥௜ାଵ = 𝑥௜ −

௙(௫೔)

௙ᇱ(௫೔)
 where 𝑓′(𝑥௜) is the derivative at I, 𝑥௜ 

is the actual value and 𝑥௜ାଵ is the next value. 
By extension to the system of equations we get 𝑥௜ାଵ = 𝑥௜ − 𝐽ିଵ(𝑖) 𝑓(𝑥௜),  J is the Jacobian 
matrix. 
There are three key points in the I-V curve: the short circuit point 𝐼௦௖, the open circuit point 
𝑉௢௖ and the maximum power point 𝑃௠௔௫. From the characteristic equation (2) we consider the 
non linear system of 5 unknown variables: 𝐼௣௛, 𝐼଴, A, 𝑅௦, 𝑅௦௛ and 5 equations : 𝑓ଵ(𝑥), 𝑓ଶ(𝑥), 
𝑓ଷ(𝑥), 𝑓ସ(𝑥), 𝑓ହ(𝑥) such as: 
 when 𝐼 = 0, 𝑉 = 𝑉௢௖, 𝑓ଵ(𝑥) = 0 = 𝐼௣௛ −

௏೚೎

ோೞ೓
− 𝐼଴ ቂexp

௤

஺௞்
𝑉௢௖ − 1ቃ 

 when 𝑉 = 0, 𝐼 = 0, 𝑓ଶ(𝑥) = 0 = −𝐼௦௖ + 𝐼௣௛ −
ூೞ೎ோೞ

ோೞ೓
− 𝐼଴ ቂexp

௤

஺௞்
(𝐼௦௖𝑅௦) − 1ቃ 

 when 𝑃 = 𝑃௠௔௫, 𝑓ଷ(𝑥) = 0 =
ூ೘

௏೘
−

ଵ

ோೞ೓
ቀ1 −

ூ೘

௏೘
𝑅௦ቁ − 𝐼଴

௤

஺௞்
ቀ1 −

ூ೘

௏೘
𝑅௦ቁ exp

௤

஺௞்
(𝑉௠ + 𝑅௦) 

 when  ௗூ

ௗ௏
ቚ

ூୀ଴
, 𝑓ସ(𝑥) = 0 = −

ଵ

ோೞ೓
ቀ1 −

ோೞ

ோೞ೚
ቁ − 𝐼଴

௤

஺௞்
ቀ1 −

ோೞ

ோೞ೚
ቁ exp (

௤

஺௞்
𝑉௢௖) 

 when  ௗூ

ௗ௏
ቚ

௏ୀ଴
, 𝑓ହ(𝑥) = 0 = −

ଵ

ோೞ೓
ቀ1 −

ோೞ

ோೞ೓೚
ቁ − 𝐼଴

௤

஺௞்
ቀ1 −

ோೞ

ோೞ೓೚
ቁ exp (

௤

஺௞்
𝐼௦௖𝑅௦) 

While  𝑋 = (𝑅௦௛ , 𝐼௣௛, 𝐼଴, 𝐴, 𝑅௦, 𝑅௦௛) we will have the system 𝑓௜(𝑥) = 0, 𝑖 = 1 ⋯ 5 and the 
jacobian : 

⎝

⎜
⎜
⎜
⎜
⎜
⎜
⎜
⎜
⎛

1 1 − exp
𝑞

𝐴𝑘𝑇
𝑉௢௖

𝑞

𝐴ଶ𝑘𝑇
𝐼଴𝑉௢௖exp

𝑞

𝐴𝑘𝑇
𝑉௢௖ 0

𝑉௢௖

𝑅௦௛
ଶ

1
0
0

1 − exp
𝑞

𝐴𝑘𝑇
(𝐼௦௖𝑅௦)

−
𝑞

𝐴𝑘𝑇𝑉௠

(𝑉௠ − 𝐼௠𝑅௦) − exp
𝑞

𝐴𝑘𝑇
(𝑉௠ + 𝐼௠𝑅௦)

−
𝑞

𝐴𝑘𝑇𝑅௦௢

(𝑅௦௢ − 𝑅௦)exp
𝑞

𝐴𝑘𝑇
𝑉௢௖

𝑞

𝐴ଶ𝑘𝑇
𝐼଴𝐼௦௖𝑅௦exp

𝑞

𝐴𝑘𝑇
(𝐼௦௖𝑅௦)

𝑞𝐼଴

𝑉௠𝐴ଷ𝑘ଶ𝑇ଶ
(𝑉௠ − 𝐼௠𝑅௦)[𝐴𝑘𝑇 + 𝑞(𝑉௠ − 𝐼௠𝑅௦)]exp

𝑞

𝐴𝑘𝑇
(𝑉௠ + 𝐼௠𝑅௦)

𝑞𝐼଴

𝐴ଷ𝑘ଶ𝑇ଶ𝑅௦௢

(𝑅௦௢ − 𝑅௦)(𝐴𝑘𝑇 + 𝑞𝑉௢௖)exp
𝑞

𝐴𝑘𝑇
𝑉௢௖

−
𝐼௦௖

𝑅௦௛

−
𝑞

𝐴𝑘𝑇
𝐼଴𝐼௦௖exp

𝑞

𝐴𝑘𝑇
(𝐼௦௖𝑅௦)

𝐼௠

𝑅௦௛𝑉௠

+
𝑞𝐼଴𝐼௠

𝐴ଶ𝑘ଶ𝑇ଶ𝑉௠

[𝐴𝑘𝑇 − 𝑞(𝑉௠ − 𝐼௠𝑅௦)]exp
𝑞

𝐴𝑘𝑇
(𝑉௠ + 𝐼௠𝑅௦)

1

𝑅௦௛𝑅௦௢

+
𝑞𝐼଴

𝐴𝑘𝑇𝑅௦௢

exp
𝑞

𝐴𝑘𝑇
𝑉௢௖

𝐼௦௖𝑅௦

𝑅௦௛
ଶ

(𝑉௠ − 𝐼௠𝑅௦)

𝑅௦௛
ଶ𝑉௠

(𝑅௦௢ − 𝑅௦)

𝑅௦௛
ଶ𝑅௦௢

0 −
𝑞

𝐴𝑘𝑇𝑅௦௛௢

(𝑅௦௛௢ − 𝑅௦)exp
𝑞

𝐴𝑘𝑇
𝐼௦௖𝑅௦    

𝑞𝐼଴

𝐴ଷ𝑘ଶ𝑇ଶ𝑅௦௛௢

(𝑅௦௛௢ − 𝑅௦)(𝐴𝑘𝑇 + 𝑞𝐼௦௖𝑅௦)exp
𝑞

𝐴𝑘𝑇
𝐼௦௖𝑅௦     −

1

𝑅௦௛𝑅௦௛௢

+
𝑞𝐼଴

𝐴ଶ𝑘ଶ𝑇ଶ𝑅௦௛௢

(𝐴𝑘𝑇 − 𝑞𝐼௦௖(𝑅௦௛௢ − 𝑅௦))exp
𝑞

𝐴𝑘𝑇
𝐼௦௖𝑅௦ −

(𝑅௦௛௢ − 𝑅௦௛)

𝑅௦௛
ଶ𝑅௦௛௢ ⎠

⎟
⎟
⎟
⎟
⎟
⎟
⎟
⎟
⎞

 

The Jacobian can be evaluated with Matlab using “Optimization toolbox”. 
We have given above some methods (of the physicist) for determining the parameters of the 
equation of characteristic IV, we will give in the following sections the method of Design of 
Experiments (DoE) in order to compare the two approaches in the conclusion. 
4. Statistic approach, Design of Experiment Method 
Several experiments were carried out, the panel being fully illuminated. The panel is placed in 
front of a light source. The voltage V and the intensity I of the output current are recorded in 
order to draw the characteristic curve 𝐼 = 𝑓(𝑉) and determine the maximum power delivered. 
A mathematical model describing the variations in maximum power as a function of 
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illumination and temperature was obtained. This model is a predictive model. It can inform us 
about the value of the maximum power delivered at any point of the experimental field 
prospected. 
4.1. Experimental set-up and measurements [1] 
Light intensity is measured in terms of distances, with the light source placed respectively 1.10, 
2.00 and 2.80 meters from the panel (SD). The temperature (T) of the panel, is measured in 
degrees Celsius. The panel consists of four rows of 18 cells each, making 72 cells in total. The 
first group of cells is formed by rows 1 and 2 arranged in parallel, the second group by rows 3 
and 4, also placed in parallel. The two groups are connected together in series (Fig.10). Fig.11 
gives a representation of the shape of the characteristic curves obtained in three different SD 
and T. 
   
                                                                                                                    
 
 
 
 
 
 

Fig.10. The solar panel. 

 
Fig. 11- characteristic curves. 

4.2. Basic elements on the Design of Experiments method [8,9] 
The system is considered as a black box in which only the inputs and outputs are considered, 
called factors and responses respectively. The internal constitution of the system is totally 
ignored. 
4.2.1. Mathematical modeling 
In the absence of any information about the function that links the response y to the factors x, 
we give, a priori, the most general formulation 𝑦 = 𝑓(𝑥ଵ, 𝑥ଶ, 𝑥ଷ, ⋯ , 𝑥௞) this function is too 
general and it is customary to take a limited Taylor expansion. Either around 𝑥଴ = 0, 𝑦଴ = 0 
we have the MacLaurin series in the second order and changing the notation to:  

𝑦 = 𝑓(𝑥ଵ, 𝑥ଶ) ≅ 𝑓(0,0) +
1

1!
ቈ
𝜕𝑓(0)

𝜕𝑥ଵ
𝑥ଵ +

𝜕𝑓(0)

𝜕𝑥ଶ
𝑥ଶ቉ +

1

2!
ቈ
𝜕ଶ𝑓(0)

𝜕𝑥ଵ
ଶ

𝑥ଵ
ଶ +

𝜕ଶ𝑓(0)

𝜕𝑥ଵ𝜕𝑥ଶ
𝑥ଵ𝑥ଶ +

𝜕ଶ𝑓(0)

𝜕𝑥ଶ𝜕𝑥ଵ
𝑥ଶ𝑥ଵ +

𝜕ଶ𝑓(0,0)

𝜕𝑥ଶ
ଶ

𝑥ଶ
ଶ቉ + ⋯

= 𝑎଴ + 𝑎ଵ𝑥ଵ + 𝑎ଶ𝑥ଶ + 𝑎ଵଶ𝑥ଵ𝑥ଶ + 𝑎ଵଵ𝑥ଵ
ଶ + 𝑎ଶଶ𝑥ଶ

ଶ 

V 
I 

4 1 2 3 



9 
 

if the derivatives of the Taylor expansion can be considered as constants, the previous 
expansion takes the form of a polynomial of big degree: 
𝑦 = 𝑎଴ + ∑ 𝑎௜𝑥௜ + ∑ 𝑎௜௝𝑥௜𝑥௝ +௞

௜,௝ୀଵ
௜ழ௝

௞
௜ୀଵ ∑ 𝑎௜௜𝑥௜

ଶ௞
௜ୀଵ  

where: 
 y is the response measured during the experiment and it is obtained with a given precision. 
 xi represents the level assigned to the factor 𝑖 (𝑖 = 1,2, ⋯ , 𝑘). It is the value of the factor 
coordinate retained by the experimenter to perform a test. This value is perfectly known.  

 𝑎଴,  𝑎௜, 𝑎௜௝ , 𝑎௜௜ are the coefficients of the mathematical model a priori adopted. They are not 
known and must be calculated. They are respectively the value of the response at the center 
of the field of study, the main effects of the factors, the second-order interactions between 
factors and the coefficients of the quadratic terms. 

The main effect of a factor tells us about the magnitude of the influence of this factor on the 
response (the greater its absolute value, the more influential it is) and on the direction of 
variation (the response and the factor vary in the same direction if ai is positive, in the 
opposite direction if ai is negative). Here we have both quantitative and qualitative information 
on this influence. The experimenter will therefore be able to visually rank the influence of the 
factors on the response. In particular, he will be able to know the most influential factor. This 
hierarchy is presented by the DoE software using two diagrams: the histogram of the 
coefficients of the model and a representation giving the contribution of each of them in terms 
of percentages. aij give a measure of the effects of second order interactions between factors. 
The expression we have chosen is the one adopted in most of the optimization designs called 
"Response Surface Design". It has been shown that not all interaction can be obtained if we use 
the old method known as "One factor at a time" and which consists in varying a single factor 
while keeping the others at constant. 
4.2.2. Experimental space and study domain 
Each factor is represented on an oriented axis, taking values within its range of variation. The 
latter is limited by a low level denoted by -1 and a high level denoted by +1. The k axes are 
orthogonal to each other two by two and constitute a basis of the vector space Rk, of k 
dimension, called Experimental Space. The combination of the areas of variation of each factor 
defines the study domain, it is the part of the Experimental Space that the experimenter has 
chosen to carry out his tests. A study, that is, a well-defined set of experiences, is represented 
by a series of dots arranged in the study domain. See Fig.12. 
4.2.3. Coded units 
In order to give a generality of presentation to the theory of design of experiments, in order to 
be free from units and to use dimensionless coordinates, we change the cartesian coordinate 
system by performing the following two operations: translate the axes to position the new 
vertex in the center of the study domain, change the units of the axes so that the low and high 
levels take the values -1 and +1. The transition from the original coordinates to the centered 
scaled variables (c.s.v), and vice versa, is given by 𝑥 =

஺ି஺బ

௣௔௦
 (𝐴଴ being the centered value in 

current units). For example, (1.10m and 40°C) are the coordinates of the first test carried out. 
The corresponding reduced centered coordinates become: 𝑥ଵ =

ଵ.ଵ଴ିଵ.ଽହ

଴.଼ହ
= −1 and 𝑥ଶ =

ସ଴ିସଶ.ହ

ଵ଻.ହ
= −0.1429. 

4.3. Design with 11 trials 
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Factors are ൜𝑥ଵ = 𝑆𝐷
𝑥ଶ = 𝑇

     and responses are ൝
𝑦ଵ = 𝑃௠௔௫

𝑦ଶ = 𝑉௢௖

𝑦ଷ = 𝐼௦௖

     and the experiment space is: 

 Level -1 Level 0 Level +1 

SD (m) 1.10 1.95 2.80 

T (°C) 25 42.5 60 

The study domain is chosen by including all the experimental points carried out, taking for low 
levels, the minimum values of the two factors (1.10 and 25 °) and for high levels their 
maximum values (2.80 m and 60 °C). The distribution of experimental points in the study 
domain is shown in fig.12. 

 

 
 
 
 
 
 
 
 
 
 

Fig.12. Distribution of the experimental points inside the experimental domain. 

4.3.1. Matrix of experiments and test results 
The table.1 summarizes the data in reel units and in csv. 

Table.1. Matrix of experiments and test results 
 

 

 

 

 

 

 

 

Essais 
SD 
m 

Temperature 
°C 

SD 
csv 

Temperature 
csv 

Voc 
V 

Isc 
A 

Pmax 
V.A 

1 1.10 40 -1 -0.1429 18.3 2.5 y1=32.6 
2 - 30 -1 -0.7143 18.3 2.5 y2=32.3 
3 - 26 -1 -0.9429 18.7 2.5 y3=32.2 
4 - 44 -1 -0.0857 18.1 2.5 y4=31.3 
5 - 60 -1 1 17.3 2.5 y5=31.2 
6 2.00 30 0.0588 -0.7143 17.7 1.5 y6=19.0 
7 - 25 0.0588 -1 18.1 1.5 y7=19.2 
8 - 40 0.0588 -0.1429 17.7 1.5 y8=19.2 
9 - 60 0.0588 1 17.1 1.5 y9=18.4 
10 2.80 31 1 -0.6571 17.1 1.0 y10=12.0 
11 - 38 1 -0.2571 16.9 1.0 y11=12.5 

Level -1 1.10 m 25°C      
Level 0 1.95 m 42.5°C      
Level +1 2.80 m 60°C      

y5 

y4 

y1 

y2 
y3 

y8 

 y7 

y9 

y10 

y11 

y6 

     60   

1.95 
 

Study domain 

1.10 2.80 
 

Illumination (m) 

Temperature (°C) 

   25 

42.5 

Eperimental space 
 

x1 

x2 

-1 

+1 -1 0 

y12 

y13 
y14 

y15 

+1 
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4.3.2. Mathematical model for Pmax, Voc, and Isc 
The expression of the model will include the deviation or residue e, a term which combines a 
model fit error and an experimental error. The model will therefore be 𝑎଴ + 𝑎ଵ𝑥ଵ + 𝑎ଶ𝑥ଶ +

𝑎ଵଶ𝑥ଵ𝑥ଶ + 𝑎ଵଵ𝑥ଵ
ଶ + 𝑎ଶଶ𝑥ଶ

ଶ + 𝑒. 
4.3.3. The linear system 
If we apply this model to the 11 experimental points, we obtain the following linear system: 

⎩
⎪
⎨

⎪
⎧

𝑦ଵ = 𝑎଴ − 𝑎ଵ − 0.1429𝑎ଶ + 0.1429𝑎ଵଶ + 𝑎ଵଵ + 0.0204𝑎ଶଶ + 𝑒ଵ

⋮
𝑦௜ = 𝑎଴ + 𝑎ଵ𝑥ଵ௜ + 𝑎ଶ𝑥ଶ௜ + 𝑎ଵଶ𝑥ଵ௜𝑥ଶ௜ + 𝑎ଵଵ𝑥ଵ௜

ଶ + 𝑎ଶଶ𝑥ଶ௜
ଶ + 𝑒௜

⋮
𝑦ଵଵ = 𝑎଴ + 𝑎ଵ − 0.2571𝑎ଶ − 0.2571𝑎ଵଶ + 𝑎ଵଵ + 0.0661𝑎ଶଶ + 𝑒ଵଵ

                  (4) 

It is a linear system with 𝑛 = 11 equations and 𝑛 + 𝑝 = 17 unknowns (𝑝 = 6 coefficients 
𝑎଴, 𝑎ଵ,  𝑎ଶ, 𝑎ଵଶ, 𝑎ଵଵ,  𝑎ଶଶ and 11 residus 𝑒ଵ, 𝑒ଶ, ⋯ , 𝑒ଵଵ. We have more unknowns than equations. 
We can’t solve such a system, we are missing 6 equations that will be obtained by formulating 
an additional hypothesis (least square criteria) and consisting in choosing the vector a so that 
the errors e are as small as possible. Therefore the sum of the squares of the residuals be 
minimum: ∑ 𝑒௜

ଶ = 𝑒′𝑒 = 𝑚𝑖𝑛௜ୀଵଵ
௜ୀଵ . We give the system (4) in matrix form: 

 𝑋𝑎 + 𝑒 = 𝑦                                                                    (5) 
With 𝑦 = (32.6 32.3 32.2 31.3 31.2 19.0 19.2 19.2 18.4 12.0 12.5)′ 
The matrix effects X and the vector y which bring together the 11 measurements carried out 
are known. The unknown are the vector a and e. We have in (5) a single matrix relation with 2 
unknowns. For any vector a chosen arbitrarily, one and only one vector e will correspond and 
vice versa.  
4.3.4. Matrix of effects X 
The matrix effects X can be easily obtained. We start by writing a column of numbers 1 
corresponding to the coefficient a0 (column M), then the columns x1 and x2 centered scaled 
values, of the illumination and of the temperature in Table 1 (columns 1 and 2). We will add a 
column, product term by term of columns x1 and x2 (column 12) and finally the last two 
columns by taking the squares of the terms of columns x1 and x2 (columns 12 and 22). 

 1 2 12  12 22 

1 -1 -0.1429 -0.1429 1 0.0204 
1 -1 -0.7143 0.7143 1 0.5102 
1 -1 -0.9429 0.9429 1 0.889 
1 -1 -0.0857 0.0857 1 0.0073 
1 -1 1 -1 1 1 
1 0.0588 -0.7143 -0.042 0.0035 0.5102 
1 0.0588 -1 -0.0588 0.0035 1 
1 0.0588 -0.1429 -0.0084 0.0035 0.0204 
1 0.0588 1 0.0588 0.0035 1 
1 1 -0.6571 -0.6571 1 0.4318 
1 1 -0.2571 -0.2571 1 0.0661 

𝑋 = 
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It is easier to stay in matrix form. The problem therefore is to finding the vector â 

corresponding to the following system:

 

( ' )
0

y Xa e

d e e

da

 





  . 

Where ' ( ' ' ')( ) ' ' ' ' ' 'e e y a X y Xa y y y Xa a X y a X Xa        the 2nd and the 3rd terms are 
scalar so ( ' ) ' ' 'y Xa a X y  then ' ' 2 ' ' 'e e y y aX y a X Xa   by taking the derivative of the 
function e’e with respect to the vector a  ( 'y y  is constant): 

( ' ) ( ' ) ( ' ' ) ( ' ' )
2 0 2 ' 2 ' 0

d e e d y y d a X y d a X Xa
X y X Xa

da da da da
        so ' 'X X â X y  

The matrix 'X X  is a symmetric matrix called information matrix. If its determinant is 
nonzero, we can find its inverse, hence the important formula 1( ' ) 'â X X X y , widely used in 
experimental design theory and allowing to calculate the model coefficients, knowing the 
calculation matrix X and the vector y of the measured responses. The inverse matrix 1( ' )X X 

 is 
called the matrix of dispersion. By applying this formula, the calculation software will give:  

 19.6519 9.8259 0.3047 0.3107 2.5032 0.3069 'â     . 
So the models will be : 

2 2
max 1 2 1 2 1 2

2 2
1 2 1 2 1 2

2
1 1

19.6519 9.8259 0.3047 0.3107 2.5032 0.3069

17.6463 0.6034 0.4659 0.1686 0.1559 0.0916

1.5434 0.75 0.2066

oc

sc

P x x x x x x

V x x x x x x

I x x

     

     

  

 

4.4. Evaluation of the model quality 
The experimental and calculated results are very close. The models are therefore of good 
quality (Table.2): 

Table 2- Comparison between measured and calculated values 

Trials 
 Measured 

values 
 

Calculated 
values 

  Voc Isc Pmax  Voc Isc Pmax 
1  18.3 2.5 32.6  18.2 2.5 32.1 
2  18.3 2.5 32.3  18.5 2.5 32.3 
3  18.7 2.5 32.2  18.6 2.5 32.3 
4  18.1 2.5 31.3  18.0 2.5 31.9 
5  17.3 2.5 31.2  17.4 2.5 31.0 
6  17.7 1.5 19.0  17.9 1.5 19.1 
7  18.1 1.5 19.2  18.0 1.5 19.1 
8  17.7 1.5 19.2  17.7 1.5 19.1 
9  17.1 1.5 18.4  17.1 1.5 18.5 
10  17.1 1.0 12.0  17.0 1.0 12.2 
11  16.9 1.0 12.5  17.0 1.0 12.3 

4.4.1. Fill factor FF 
Trials 01 02 03 04 05 06 07 08 09 10 11 12 13 14 15 
FF 0.70 0.69 0.69 0.70 0.71 0.71 0.70 0.71 0.72 0.71 0.72 0.70 0.71 0.72 0.71 

We notice that the FF is good, it is around 0.70. 



13 
 

4.4.2. Precision on the model coefficients 
The measured responses are tainted with an experimental error. This error can be estimated by 
the standard deviation. The matrix X is not a random quantity and it introduces no error. 
Only the vector y has random variables. The variations of the elements of this matrix therefore 
lead to variations (or errors) on the coefficients of the model since there is the relationship 
𝑎ො = (𝑋ᇱ𝑋)ିଵ𝑋′𝑦. The coefficients determined by the least squares method are random 
quantities, they will therefore, in turn, generate other random variables when they appear in a 
mathematical relationship. 
Statisticians have demonstrated the following relationship between the variance of the residuals 
and the variances of the coefficients 𝑉(𝑎ො) = 𝜎௥

ଶ(𝑋ᇱ𝑋)ିଵ, relation in which 𝜎௥
ଶ is the overall 

variance of the regression, that is, the variance of the residuals. 𝑉(𝑎ො) is the matrix of the 
variances covariances of the coefficients. The variances of the coefficients are laid out on the 
principal diagonal of  𝑉(𝑎ො) and the covariances are the non-diagonal elements. For the 
calculation of the standard deviations, we do not need the items corresponding to the 
covariances. We will only write the main diagonals then the previous formula becomes 
𝐷𝑖𝑎𝑔𝑉(𝑎ො) = 𝜎௥

ଶ 𝐷𝑖𝑎𝑔(𝑋ᇱ𝑋)ିଵ. 
It is the relation of the variances of the coefficients. This relation is very important. Indeed, it 
shows that there are three components which induce errors on the coefficients. These three 
components are: 
• The error made on the answers because of the term 𝜎௥

ଶ. Indeed this term combines the 
experimental error and the adjustment deviation. The errors made on the measured responses 
are therefore transmitted to the coefficients of the mathematical model. This is well known, 
and it comes as no surprise to us. 
• The location of the experimental points. The position of the experimental points in the 
field of study generates greater or lesser errors on the coefficients of the mathematical model. 
It is the matrix X that is responsible for this transfer. This second result is much more 
unexpected and deserves to be underlined because it is little known to many experimenters. 
This means that an experimenter who conducts experiments with great care and obtains very 
precise test results may still have poor mathematical models if he has misplaced the 
experimental points in the experimental field. 
• The mathematical model chosen a priori. The initial choice of the mathematical model 
made by the experimenter generates more or less adjustment deviations on the coefficients of 
the mathematical model. Those responsible for this transfer are 𝜎௥

ଶ and the matrix X. This 
result also deserves to be underlined because it is little known. This means that one should 
expect large errors on some coefficients when the mathematical model chosen a priori is too 
far from the real model. 

For our example, the matrix being known, we can calculate the dispersion matrix:  

1

0.5297 0.0374 0.0777 0.0309 0.3566 0.4083

0.0374 0.2840 0.1420 0.2555 0.1639 0.0850

0.0777 0.1420 0.3437 0.2989 0.0775 0.0141
( ' )

0.0309 0.2555 0.2989 0.6789 0.1502 0.0413

0.3566 0.1639 0.0775 0.1502 0.5180 0.1783

0.408

X X 

  






 3 0.0850 0.0141 0.0413 0.1783 0.6326

 
 
 
 
 
 
 
 

  
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 We apply the formula (6) by keeping only the diagonal elements of the matrix 1( ' )X X   : 
 
 
 
 
 
 
 
 

By identifying the corresponding elements of the two matrices, we obtain the variances of the 
coefficients: 

𝑉(𝑎ො଴) = 0,5297𝜎௥
ଶ 𝑉(𝑎ොଶ) = 0,3437𝜎௥

ଶ 𝑉(𝑎ොଵଵ) = 0,5180𝜎௥
ଶ

𝑉(𝑎ොଵ) = 0,2840𝜎௥
ଶ  𝑉(𝑎ොଵଶ) = 0,6789𝜎௥

ଶ 𝑉(𝑎ොଶଶ) = 0,6326𝜎௥
ଶ 

By taking the square roots of these expressions, we have the standard deviation of each of the 
coefficients: 

𝜎(𝑎ො଴) = ±0,7278σ୰ 𝜎(𝑎ොଶ) = ±0.5863σ୰ 𝜎(𝑎ොଵଵ) = ±0.7197σ୰

𝜎(𝑎ොଵ) = ±0,5329σ୰ 𝜎(𝑎ොଵଶ) = ±0.8240σ୰ 𝜎(𝑎ොଶଶ) = ±0,7954σ୰
 

If the error of the residuals is 10% then σ୰ = 0.1 and:  
𝜎(𝑎ො଴) = ±0,07278 𝜎(𝑎ොଶ) = ±0.05863 𝜎(𝑎ොଵଵ) = ±0.07197

𝜎(𝑎ොଵ) = ±0,05329 𝜎(𝑎ොଵଶ) = ±0.08240 𝜎(𝑎ොଶଶ) = ±0,07954
 

The standard deviations of the coefficients can be added to the mathematical model: 
𝑦 = 19.65 − 9.83𝑥ଵ − 0.30𝑥ଶ + 0.31𝑥ଵ𝑥ଶ + 2.5𝑥ଵ

ଶ − 0.31𝑥ଶ
ଶ 

The model's multiple correlation coefficient is 𝑅ଶ = 0.9991. It is close to 1. The model 
therefore has good forecasting quality. 
4.5. Graphical representations, analysis and prediction of the behavior of the PV 
panel 
Analyzes and interpretations of the results were carried out using Hide software [10]. 
 
4.5.1. Histograms   

 
Fig. 13. Histograms. 

This representation shows us that the illumination influences more than the temperature on 
the three parameters Pmax, Voc and Isc. The interactions between illumination and temperature 
are all negligible. However, the influence of temperature on Voc must be taken into account. 
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4.5.2. Sectorial representation 

   
Fig. 14. Sectors. 

This representation shows the influence of illumination and temperature on each of the 
parameters Pmax, Voc and Isc. 
4.5.3. Surface responses 

 
Fig.15. Response surfaces. 

The plot of the response surfaces makes it possible to visualize the optimum of each of the 
parameters Pmax, Voc and Isc. 
4.5.4. Contour lines 

 
Fig. 16. Contour lines. 
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These figures show the rate of variation of Pmax, Voc and Isc as a function of illumination and 
temperature. We note that Pmax and Isc vary very little with temperature, although we must 
take into account the influence of temperature on Voc. The contour lines make it possible to 
find the optimal conditions in the experimental field. 
4.5.5. Iso-responses plotted on the same graph 

 
Fig. 17. Predict of experimental conditions.  

Here the parameters of trial 6 are marked with a cross. By moving the mouse inside the 
experimental domain we can predict the values of Pmax, Voc and Isc at any point. 
5. Conclusion, advantages, complementarities and perspectives 
We have shown in this article that the physicist, for the study of a system is interested in the 
internal structure of the latter. To study a photovoltaic panel, he begins by representing the 
system using an equivalent electrical diagram, on which he applies the laws of physics to finally 
derive a mathematical model. The latter has transcendent functions such as exponentials. The 
parameters that appear in this model usually have a physical meaning. 
The statistician's approach totally ignores the internal structure of the system and he is only 
interested in the inputs and outputs. The model used is always polynomial, a simple tool. The 
latter's coefficients on the other hand have no physical significance but they provide 
information on the properties of the general behavior of the system. 
We propose to call the method Physicsmetrics referring to the science which uses mathematics, 
statistics, applied mathematics and algorithms on physic’s disciplines. 
5.1. Benefits of the physicist's approach 
The biggest advantage is that the parameters in the model often have a physical meaning: 
• Iph gives the direct measurement of the current delivered by the solar cell. 
• A measure the quality of the panel varying between 1 and 3. 
• The fill factor FF is a second way to measure panel quality. The closer it is to 1, the 
greater the power delivered by the panel. 
• The physical approach makes it possible to use several methods of determining the 
parameters of the model: graphical, analytical, iterative and numerical. 
• the analytical and adjustment methods on the characteristic curve give comparable values 
of the parameters of the characteristic I-V. 
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5.2. Advantages of polynomial representation and the design of experiments 
method 
 It is possible to use other mathematical functions. However, usage shows that polynomials 
solve most problems and they are the ones that are favored by experimenters. 
 The polynomial representation of the model, in addition to its simplicity, allows: 
 Apply all the results of matrix algebra due to the linearity of the model with respect to the 
coefficients.  
 To study qualitatively and quantitatively the influence of each factor on the response. 
 Establish a hierarchy of this influence (Histograms). 
 To qualitatively and quantitatively study second-order interactions. 

These four advantages would not have been possible if the expression of the model included 
transcendent functions such as logarithms and exponentials (disadvantage of the physicist's 
model). 
The main advantage of the design of experiments method is to be able to bring together in a 
single relationship all the information that can be provided by each factor separately or jointly. 
This is how with the model, once established, we can (See Fig. 13-17): 
 Draw the histogram of the coefficients and give a representation in sectoral form of the 
influence of factors and interactions. 
 Calculate the linear correlation coefficients between factors and between factors and 
response. 
 Plot the variations in the response as a function of one parameter while holding the others 
at constant values. 
 Draw the response surfaces and level lines. 
 Calculate the value of the response at a point in the study area and plot the prediction error 
function. The latter makes it possible to control the quality of the prediction of the design of 
experiments. 
 Perform an optimization, ie find the levels of the factors giving the optimal value of the 
response, before the possible performance of a confirmatory test. 
 Incorporate the model into a data acquisition program. One can imagine adapting an 
acquisition system (lighting and temperature) to the panel. The maximum power delivered in 
real time will be compared with that given by the model. Any deviation between the two 
values is a signal of the existence of accidental shading or a malfunction of the panel. 
 The use of reduced centered coordinates makes it possible to free oneself from units and 
therefore to generalize the design of experiments method. 
 Carry out the minimum number of experiences in order to have the maximum amount of 
information in a hierarchical manner. 

And the greatest advantage of the design of experiments method is that it can experimentally 
confirm theoretical results obtained by physicists because this method studies the system as a 
whole, ignoring its internal structure. 
5.3. Perspectives 
The subject continues to generate more research work, the following axes are recommended to 
continue this effort: 
• Study with the experimental designs the other parameters other than Pmax, Voc and Isc. 
• Carry out for all the tests the Newton-Raphson method for the calculation of the five 
parameters Iph, I0, A, Rs and Rsh. Then compare with the Hide software. 
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• Use the experimental designs for the case of a shaded panel. 
• Carry out an experimental design to find the ideal doping of a percentage junction. 
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