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ABSTRACT: A new approach is presented in this work, to extract electrical parameters of a photovoltaic cell, using the double
exponential model. The equivalent circuit parameters of this model are the photocurrent (), ideality factor (n), diffusion
current (loq), recombination current (l,,), series resistance (Rs) and the shunt resistance (R¢,). Several research studies have
been performed to extract these parameters. The majority of these developed methods are limited on several levels. In this
work the proposed technique is based on the equalization of the electric model of photovoltaic cells, and a polynomial model
equivalent. The comparison of these two models at I=0, allows representing the electrical parameters with the polynomial
model coefficients. This method is tested on a monocrystalline solar panel and obtained results show the advantage of this
technique in level of speed, convergence and precision.
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1 INTRODUCTION

The Photovoltaic electricity is experiencing a potential interest in recent years on the scientific and economic levels. This
interest is due to the growing demand of energy in most industrial sectors, and also to environmental obligations. The
photovoltaic solar cells are in the heart of the electricity production chain. Competition on optimizing and increasing the
efficiency of photovoltaic cells (PVC), leads researchers to find methods to determine the intrinsic parameters of these cells.
These electrical parameters are (Rq: series resistance, Rq,: shunt resistance, lo, and lyq: the saturation currents and ideality
factor n). There have a very important role in electric modeling of PV junctions, they can give informations about the
performance of these cells, and they can provide indications of degradation of those junctions during electrical operation [1].
The accuracy of these parameters is very requested for a proper analysis of this element. In literature, several studies were
the subject of the development of methods to extract these parameters [2]. The existence of implicit current and complexity
of electric models, limits the reliability of the majority of these methods. In this work, another simple polynomial model is
proposed to solve this problem. This is to represent the PVC voltage V, depending with his current | by this polynomial model.
The intrinsic electrical parameters are determined with the coefficients of this polynomial model. The validation of this
method is made by a monocrystalline solar panel. An electrical test (I-V) of this panel is made with an automated electronic
system. The analysis and interpretation of results are based on comparing the statistical indicators errors, which are
calculated for both models.

2 BASIC ELECTRICAL MODELLING

A photovoltaic cell (PVC) can be studied by several models: analytical, electrical or numerical [3]. The supplied electric
current by the cell is given by:
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Ipvc=lph—IJ (1)

leve, lpnand Iy are respectively, the electrical current supplied by PVC (A), Photoelectric current (A) and the Loss current (A).

To simplify the study of the cell characteristic, we limited to study I, current, instead of lpyc. The characteristic is reversed
and then it is shifted (Figure 1).
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Fig. 1.  I-V characteristic reversed and shifted

Among the most popular models in this area, the electric model with a single diode (Figure 2-a), and that of double diodes
(Figure 2-b) [4]. In the first electrical model, the electrical current in PV junctions is described by the following equation:

(V-Rsl) (V-Rsl)

I=13=lg.[exp¢ -1+ (2)
1= lo.[exp€ v )—1] Ren

KT/q=Vy, is the thermal voltage.

Those models is shown schematically by the following equivalent circuits:

bid Ish Rs pld, Id Ish Rs

Iph ¥ vd Rsh v IP 4 Rsh

(a) " (b)

Fig. 2. Electric models, (a) a single diode and (b) a double diodes

In the second electrical model of the photovoltaic cell (Figure-b), the electrical current (1) is described by the following
expression:

(V-IR;) (V-IRy)
1=1)=lor @ "V —D+lge Vi -1+

V-IRg
Rsh

(3)

lor and loq are respectively, the diffusion current and the recombination current. This model, known as the double
exponential model [5, 6]. Intrinsic parameters of this model are associated with extrinsic parameters such as; the short-
circuit current I, which represents the current value when the voltage to the cell is zero (V = 0). It's approximated by:

Rsh

lec= |ph-m (4)
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After extracting Rs and Rgp, the intrinsic parameter I, will be deducted with these parameters and current I, (equation 4).
3 PARAMETERS EXTRACTION METHODS

Several methods have been developed to extract these parameters [7]. Among the most widely used methods, we can
mention the lateral and vertical optimization [8], which are based on minimizing the sum of squares of the relative
differences between the measured and the fitting values of current. The method of Lambert [9], uses the Lambert's function
to find the exact analytical solution of the current. There are many numerical methods [10] that use an iterative algorithm to
extract the parameters.

31 GRAPHICAL METHOD
The parameter R is only effective in the non-linear region of the forward |-V characteristics at sufficiently high applied
voltage, but parameters such as the ideality factor and saturation current are effective in both the linear and non-linear

regions of these characteristics[16]. So we obtain the series resistance (Rs) from the slope of the linear region of the curve
dV/dl versus 1/1 in high voltage, and the shunt resistance (Rsh) can be obtained from the slope of the low voltage region:

1
tan(b)=
1(A) ) Rsh
II
Icc

Fig. 3. Graphical method to extracting Rs and Rsh
Measuring angles “a” and “b”, the resistances Rgand Ry, are determined by:
Rs=1 /tan(a) ; Rsh=1/tan(b) (5)

From the curve In(ly) versus (Y=V-I.Rs) we can obtained the parameters n and /, from the slope and intercept of linear
region on the curve In(ly) -Y.

The graphical methods generally does determine that one or sometimes up to three parameters only five or six
parameters of different models. This explains their validity for certain structures when the missing parameters are
negligible. They produce values that are often very different from each other which is much more serious.

3.2 ANALYTICAL METHOD USING LAMBERT FUNCTION

In the case of a single diode model, the implicit form of /(V) cannot be constructed from just common elementary
functions, but solution for this equation can be found in terms of the Lambert function, and the equation of model can be
transformed to a simplified form by this transformation:

ye¥ =x = y=W(X) (6)

And the explicit solution of I(V) is:
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VvV (VHIR
M Ry @2
o (4 25)
A Vv |
| =—W,| NV, l,e + (7)

R, 1+ Ry g R
Rﬁ"“@) (+R$)

The Lambert function is implemented in Mathematica under the name ProductLog or Matlab under the name Lambert.
The presented method assumes as the most published methods, that all parameters are bias independent. Next limit of the
method is connected with semiconductor property. For doping levels below approximately 10™ per 1cm3, the carrier
transport occurs via thermionic emission over the barrier given by model equation, while for larger doping levels tunnel or
field emission through the then narrower depletion layer is predominant.

33 NUMERICAL METHOD USING LEVENBERG-IMARQUARDT ALGORITHM

This method uses an algorithm developed based on iterations Levenberg Marquardt, to estimate the model
parameters [11]. Modification of parameters is done according to the relationship:

P, =P - [H [+ j_1]‘1.DJ i (8)
VJ = grad(J(P)) (9)

With P, J and H are respectively the vector of electrical parameters to estimate, the Jacobean and the Hessian. The
iteration step is (1/A;;). The calculation of the Jacobean matrix is based on derivatives voltage equation V(I) in relation to
electrical parameters:

dv(l) ' dv(l) ' dv(l) ' dv(l) ' dv(l)
dRs ~ dRgp’ dlgg " dlg ' dn

(10)

4 PROPOSED NUMERICAL METHOD

The proposed method in this work is already tested with a single diode model, and it has shown good results [11]. In case
of the double exponential model, the voltage (V) of PVC was replaced by a polynomial model of the current (I). So we use a
polynomial voltage to solve the problem of the implicit current, as:

~ +too
V()= Zbil' =bg +byl +...+b,I" +Err(l) (11)
=0

+o0
with  Em(l)= Zb;l',

i=n+l

The estimator must verify the equ.3 as:

) 7y JORGR

V()-IR
1=l e T -

- D+lgle KT — D¥—p (12)
Rsh

It uses that the derivatives at the origin of the current, are proportional to the coefficients (b;) of the estimator\7(|) , such
as:
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~ 3
~ dv (0 d-Vv(0)
VO =bgi 2 =y, 3 =603
d"V(0)
——— =nlby, (13)

din

The choice set of polynomial estimator is that it is infinitely differentiable, and that error and its derivative of order (n) are
zero at the origin, as follows:

+00 .
Err()= 2 bl =0 14
i=n+1 ! 1=0 ( )
d"Err(1) ~
And —0n | =0 (15)
d™ =0

The equality of these two models, at origin current (/=0), gives an analytical solution of the electrical parameters based on
polynomial coefficients of the estimated voltage. Furthermore the coefficients b, are easy to estimate using either the
function Polyfit of the library Matlab, or using the function FindFit of the library Mathematica [12]. We combine the two
models, using the estimator derived from the voltage \7(I) relative to |. The derivative up to order 5 is sufficient to
determine a system of equations with the five unknowns (n, I,,, l,4, Rs and Ry,). The following notations will be used later to
indicate the four derivatives with respect to /:

av(l) -,
a7V (16)
daV() -,
di2 (17)
O o
a3 (18)
dV() -~
and qin =v® (19)

The derivatives of order less than 5 relative to the current, yields a system of nonlinear equations, grouping the electrical
parameters and polynomial coefficients. We obtain the system in equation (20). At 1=0, and taking account of this system and
equations (11-14), we obtain a new system of five nonlinear equations and five unknowns. We find an analytic solution of
system of equations (21), the numerical resolution is feasible by several methods [13] (fsolve function of Matlab).
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(20)

After many simplifications, and thereafter, the replacement of equation (3) in this system can give the following
equations:

bo bo.

b
lo @ =D + 1oy € =) +—2-=0
b b sh
o o
IOr bl_Rser]Vm_'_l bl_ sevm_,_bl_Rs -1
NV Vin Rsh

by 2 by 2
o e (bl—st P PR (bl—st 2D, 2y
NV NV Vin Vin Rsn

b 3
ly envom (bl B st + 6(b1 B Rs)bz + 6b3 +
' NV (r]Vth)2 NV

b 3

th (Vth)? Vin Rsn
b 4
e Hb : Rs) . (12022 L 120,(0, ~R.)” , 240, ~R)D; 24b4J+

NV nVth)? (nvth)? (nvth)? Vi

0

4
e (bl —RS] L1D,° 120,(0, -Ry)? | 24, —R)by | 24b, | 240, _
(Vth)? (Vth)? (Vth)? Vin | Ren

(21)
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5 RESULTS AND DISCUSSIONS
5.1  EXTRACTED PARAMETERS

The numerical resolution of the latter system is possible, but the analytical resolution requires the introduction of a new
equation to eliminate the exponential term which contains the ideality factor. The number of parameters is five; it takes five
equations to find the exact expression of these parameters. In this case, we happen to find the expression of four
parameters, and the last parameter will be found numerically. This is the root of a polynomial of degree six, as a result:

n = ” b2(b1 - R5)4 + 3(b1 - Rs)2 (2b22 + b3(Rs - bl))/th .~
3Vin (_ 2b,” + b3(b1 - Rs)Xbl - Rs)z - 4(5b23 + b4(b1 - Rs)2 + 5b2b3(R5 - bl))/th)

(22)

i [- 25,2 +by(b R )by~ R)® ~12(0, ~ R P (B6,% + by by - Rs) +50,0(R, ~ b))

Ry = 1 '
(Fab,7 + 3ba{b, — R, )b, — R )" —6Vi (01— Ro {857 + 2 (b, — Ro 7 + 9,5(R, —by ) 68, ~3;2(0y — R, + b * (5, — Ry +8b,205(Rs —by )Mey
by

~6e "0 " ~3.2(0, - R + bbb - R’ %y (R, by )y ‘
(Rl — R (0~ R 0,7 + R, by #1380, by ) + Sl B -

Iod

by

= —eVn| | (,7 _1)+ (bl - Rs)(bo —log Rsh)+’7(Rs + Rg, ‘bl)‘/th
or (o]

(bl - Rs)Rsh

I (25)

The last parameter R; is a root of a polynomial of degree 6.
5.2  METHOD VALIDATION

To validate our method, several tests were performed on a PV cell “H750”. A database of I-V measurements were taken
with an automated electronic device designed and manufactured by our research team [14].

Tests are made on a basis consists of 64 points measured, ranging from (10 A; 19.03 V) to (2.8 A; 0.05 V). We will, first,
find the polynomial coefficients, find the value of the series resistance, and then inject them into the previous expressions.
The values obtained are compared with the statistical indicators following: The standard deviation (SD), the normalized root
of the mean square error (NRMSE) and the "t-statistics", defined by following relations [15]:

1
sp= | 1% (v, v) 2 (19)
N-1j=1
N A
(N2 Vv?)®
NRMSE= —— TN (20)
=3y,
N o
21 Vi vy
NMBE = - (12)
ZVJ-
j=1
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Where MBE and RMSE defined by:

A

RMSE= (=
= (,

_ | (N-1)mBE?
|

RMSE? —MBEZ)

N

A

_21 (Vj—Vj))1/2

1 N A
MBE:N i(Vj—Vj)

i

(13)

(14)

(15)

With Vi, VJ- are respectively the estimated and measured voltage value at the iteration j, and N is the number of

measures.

The values of the polynomial coefficients found are presented in table 1, depending of degree of polynomial and
corresponding statistical errors. Much polynomial degree’s taken; the statistical indicators provide information on short-term
performance of the fit, and regarding the surplus or under-estimation of fit. A higher value of NRMSE means bad
performance of the polynomial model with the coefficients found. A positive value of NMBE implies an overestimate, while
negative values indicate an underestimation.

Table 1. Polynomial coefficients of polynomial model

n=4 n=5 n=6 n=7 n=8
bo -0.0377 -0.1679 -0.1501 -0.14906 -0.15014
b, -0.3228 0.1993 -0.05146 -0.11632 0.17493
b, 0.10426 -0.1003 0.03899 0.08579 -0.16862
b -0.01058 0.0173 -0.01069 -0.02339 0.06344
b, | 3.36e-4 3.147e-5 0.00136 0.00305 -0.01218
Table 2. Statistical indicators of polynomial model
n=4 n=5 n=6 n=7 n=

SD(10'9) 0.25 0.84 3.6 5.86 3.21

t (10'1) 1.26 4.52 6.53 3.65 2.43

NMRSE 1.02 0.81 0.27 0.74 0.58

NMBE 0.39 0.14 0.36 0.95 0.74

After finding the coefficients of the polynomial, the determination of intrinsic electrical parameters is the next step. A
polynomial of degree six has six roots, and numerical resolution was made with the predefined functions of same
mathematical software. The values found of electrical parameters and those statistical indicators are grouped in table 3. The
obtained values of electrical parameters depends on the degree of the polynomial, the statistical indicators shows that the
results obtained by this new technique are relatively acceptable.
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Table 3. Electrical parameters and statistical indicators of electrical model

n=4 n=5 n=6 n=7 n=8

n 1.22 1.42 1.33 1.41 1.39
lor10° (A) 2.06 1.95 1.85 1.82 1.87
log 10" %(A) 1.13 0.73 1.29 2.15 2.43
R: (Q) 1.92 1.05 0.26 0.45 0.29

Ren (Q) | 216.25 165.62 114.25 124.58 110.29

SD (107) 10.59 9.93 9.44 12.84 9.68
t(10™) 9.83 8.97 8.23 9.16 8.74
NMRSE 1.08 0.52 0.46 0.95 0.73
NMBE 0.85 -0.74 0.82 1.004 0.86

Indeed, the found values for the statistical indicators with (n=6) were the lowest. So, the corresponding electrical
parameters are considered afterwards. Regarding convergence, it converges always because the polynomial model used can
fit any other model, changing his degree as showed in table 2. This technique is very fast, and it can be used at real time, to
extract models parameters. Dependency between the degree of the polynomial and values of the parameters found, is not a

problem, it is rather an advantage of the method, because this dependency ensures convergence and improved accuracy.
These results were confirmed by characteristics (1=f(V), P=g(V)) of the PV cell :

:".l-?
| - & S -EE-EEE- H 40 -
gl ] o ) -
254 —w— leasure F
| Model i
| e
2.0 | o [
— —m— Mleasure o E
= I = '/'/ -
= .| Model = i
[ i | o o = r
@ | c - a
£ 1 & “ .
o 184 [] ] r
| ] 2 i » H
. al "
n!-J i ,"f -
| ‘ / 1
L
-
u_:|4 [P "
1
T T T T T o T
o [ 10 15 20 -|1 rI 1!:| '.I'. x

Voltage V (volls) Valtage VW {valts)

Fig. 4. (I-V) and (P-V) characteristics of electrical model (equations 1, 3) and measures

The determination of PVC electrical parameters allows deducing the behavior of these cells. Among the elements
of this behavior are dynamic resistance (Rq=V/l) and internal resistance (Ri,=(V-V)/I) of the PV cell (Figure 5).
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Fig. 5. Dynamic and internal resistances of PVC
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6

CONCLUSION

The electric model used in this study for photovoltaic cells, is the double exponential model. These intrinsic electrical
parameters are determined with polynomial model coefficients. This extraction is done by calling a polynomial model, to
compare with the theoretical model. The equality of these two models allows setting the parameters sought. The results
obtained by this technique show that it is effective for the parameters extraction of theoretical models describing the
behavior of photovoltaic cells. The proposed method is always accurate and converges independently of the initial values,
and it is very fast to use in real time applications.
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