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This paper proposes a fast strategy to extract and exploit the electrical
parameters of photovoltaic cell using the double-diode model. The
polycrystalline silicon (poly-Si) junction is chosen in this work due to the
importance of its proprieties in industrial and economic fields. The proposed
method to extract the solar cell electrical parameters contains two steps. The
first is based on the graphical adjustments to choose the initial values of these
parameters, and the second is numerical, using Modified Newton-Raphson’s
algorithm. The obtained parameters extractions values are compared to the
others methods and give a considerable agreement. Furthermore, we have
developed a complementary analytical method to deduce both the minority’s
carrier’s lifetime and the diffusion lengths through the diffusion and
recombination current densities. The found values of these parameters are

Photovoltaic cell
Renewable energy

precisely comparable with theoretical models, and give very useful
informations on the intrinsic quality of the studied cell.
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1. INTRODUCTION

In recent years, the Photovoltaic Cells (PVC) based on semiconductor junction, in particular on
polycrystalline silicon (poly-Si), know a great focus because they have several proprieties as the low cost and
simplicities during manufacturing stages. Many research works in the PVC fields allow to ameliorate the
photovoltaic conversion efficiencies to exceed the range between 19.8% and 23% [1], [2]. To better
understand of the physical mechanisms inside the solar cell, we must to precisely determine these electrical
parameters values. The real model of PVC contains both the series and parallel resistances, and two ideal
diodes [3], [4]. A good handling of this model requires precise determination of its electrical parameters. The
values of the latter are not given by the data sheet of the manufacturer of these PVC. Moreover, they are not
directly measurable by the experimental set-ups. Several numerical techniques have been used for the
identification of these parameters such as the least square method [5], the Newton’s method [6], and the
Levenberg Marquardt’s method [7].

In this work, the used model of PVC depends on seven electrical parameters (photocurrent I,

diffusion saturation current I, ideality factor n, of diode 1, recombination saturation current I, ideality

factor n, of the second diode, series resistance R, and shunt resistance Rgy,). The proposed method in this
work is based on the Newton’s algorithm. One of the problems in using this last is the choice of the initial
values; a poor choice of these parameters can produce a divergence of this method. This is why it is
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interesting to initialize the Newton’s method with values given by other complementary methods, such as the
graphical one [8].

Nowadays, a better determination of the minority carrier’s lifetime permits judging the quality of the
PVC material [9]. A high value of lifetime indicates a good material, while a low lifetime can inform the
inadequate technical problems of PVC construction as a dislocations or high impurity concentrations in this
material [10], [11]. The objective of this paper, in one hand, is to determine the seven electrical parameters of
the pn Si-poly using the developed algorithm. In the other hand, the exploitation of the found electrical
parameters make it possible to deduce both the minority carrier’s lifetime and diffusion lengths using the
analytical method.

2. SOLAR CELL MODELING
2.1. Electrical model of double diode

The photovoltaic cells can be represented by the Shockley double diode model and his equivalent
electrical circuit is described by the diagram of Figure 1 [12]. The analytical relationship between the current
I and the voltage V of this model is:

I'= Iy — I, (exp((V + IRs)/m1Ven) — 1) — I, (exp((V + IRs) /n2Ven) — 1) — (V + IRs) /R, )

The electrical terms of this equation are the photocurrentl,;,, the diffusion reverse saturation
currentl , the recombination reverse saturation currentl_, the ideality factors of the two diodes(ny, n,), the
series resistanceRg, the parallel resistance (or shunt) Rg;,. The thermal voltage (Vy, = KT/q) of the PVC is
equal approximately to 26 mV at25 °C, (q) is the elementary electron charge, (K) is the Boltzmann's
constant, and (T) is the absolute cell temperature.

Figure 1. The double-diode equivalent circuit model

2.2. Minoity carrier lifetime measurement

As cited previously, the minority carrier recombination is quantified by their lifetimes. The
dominant type of recombination in the silicon is the Shockley—Read—Hall (SRH) mechanism. In this last, the
recombination of the electron doesn’t follow a direct transition from the conduction to the valence bands, but
it follows an indirect transition via the recombination zones which his energy level is located in forbidden
band gap. Also, the bulk recombination lifetime of minority carriers tgry is highly depending on the density
and the position of these traps. The (tggy) is identified by the following equation [13]:

Tsry = An/Usgy 2

Where (An)the excess of the charge carriers is related to the equilibrium, and (Uggry) is the
recombination rate SRH in the PVC. This lifetime in the junction can identify the diffusion length of the
minority carrier. This last represents the average distance that a photo-generated carrier can cross before it is
recombined. The relationship between tsgy and (L) is defined by the following formula [13]:

L = /D.tgru 3)

With (D) is the diffusion coefficient, and the lifetime tggry depends on the defects level in
the junction.
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3. PROPOSED METHOD OF ELECTRICAL PARAMETERS EXTRACTION

The extraction of photovoltaic parameters necessitates the resolution of nonlinear Equation (1),
which is difficult to obtain analytically accurate values of these parameters with analytical methods. In this
study, an accurate numerical method to extract these parameters is presented using two steps.

The best choice of initial parameters can accelerate the algorithm convergence. Contrary, poor
initial values increase the iterations number and can affect on the optimization algorithm. In literature many
techniques can determine the initial parameters of PVC used to start the Newton Raphson’s method
[14], [15].

3.1. Resistances values of R and Ry,

The initial estimation of these resistances Ry, and Ry, can be calculated by graphical method [16].
In the small voltage values, the I1=f (V) curve is linear:

I = Iph =V +R)/Rgp, (4)
This equation can be written:

I=1,,—G,V (%)

With Ipa = I,n/(1 + GsuRs) and G, = Ggp/(1 + GguRs)
Thus, G, is the right slope with a value G, = Rih. Knowing that (Gg, R > 1), the shunt resistance Ry, is the
inverse tangent of the line at the point (V = 0,1 = I;.) which is expressed as :

1/Rsno = (dl/dV);=y,, = tg(B) (6)
> In the high voltage values of the curve 1=f (V), the current through the cell is given by:
Ie = L — Lexp(B(V + Ry1)/m) )

To determine the Ry series resistance, the voltage V is written as independent variable in Equation (7) to give
the following equation:

V= %ln(IpA/IO) — Rl +%ln(1 —1./1y,) (8)
The (—Ry) is the slope of this equation and the tan(a) at the point (V = V,, [ = 0), can be written as:

tan(a) = (dI/dV)y=y,. = —1/Ry ©)
The initial value of photocurrent Igh can be deduced from Ry, , Rg, and I, as:

Igh = Isc (Rso + Rsno)/Rsno (10)

3.2. Diode ideality factors

In equation (1), the first diode (D,) represents a diffusion process of load carriers, while the second
diode (D,) represents the carrier’s recombination in the space charge region. Several authors use the ideality
factors (n; = 1and n, = 1) in ideal cell but these values become unsuitable for a real diode [17], [18]. To
initialize these factors (n?, nd) we choose the initial values of ideality factors equal to (1, 2) respectively.

3.3. Saturation current Is; and Is,
The saturation currents I and Ig, are determined from the Equation (1) at points A,;(0,Is.) and
A, (Veo, 0). A system of two equations was obtained and solved with Cramer’s method [19].

151 [exp(Vco/(nIVt)) - 1] + Isz [eXp(Vco/(nZVt)) - 1] = Ipp — Vco/Rsh (11)
151 [exp((lscRs)/(nlvt)) - 1] + 152 [exp((lscRs)/(nZVt)) - 1] = lpn — Iye — (IscRs)/Rsh (12)

Using the matrix notation, this equation system can be written as:
151A11 + AIZISZ = Ipn — Ise = (IscRs)/Rsn (13)

A Fast Strategy to determine the Pshysical and Electrical parameters of Photovoltasic (ElI Hadi Chahid)
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AZIIsl + AZZISZ = lpp — Vco/Rsh (14)

With, A;; = [exp((IscRs)/ (V) — 1], A1z = [exp(IscRs)/(M2Vy)) — 1], Apy = [exp((Veo)/ (04 V) — 1],
A22 = [exp((vco)/(nZVt))) - 1]! Bl = Iph - Isc - (ISCRS)/RSh! BZ = lpp — Vco/Rsh
The system solution formed by the Eq. (13) and Eq. (14) is given as follows [20]:

1501 = (BZAIZ - B1A22)/det (15)
1502 = (BZAII - 81A21)/d€t (16)

Where (det) is the matrix determinant: det = (A,,A1; — A12A51)

4. DEVELOPED METHOD

Our approach is based on the Newton-Raphson’s method to solve the nonlinear equation of (f(x)=0).
The algorithm of this method use the Taylor development at the order 1 in initial value x0 of solution. The
root approximation of the equation (f(x)=0) is given as:

X =% — f() /(%) (17)

Where (i) is the iteration number and ’(x) is the derivative of the function f(x). After each iteration,
the developed software program is stopped when |f(x;;1)| < €, (&: stopping tolerance). In this condition,
the equation (1) becomes as:

F(LV) = —I;, (exp((V + IRg)/(n; Vi) — 1) — I, (exp((V + IR /(nVip)) — 1) — (V+ IR))/Rg) —1=0  (18)

In this study, the function variables are x,x,,,...,xy. these latter represent seven electrical
parameters of PVC. These variables are the elements of the vector X ( X = [x4,X,, ..., Xm]) and the problem is
presented by (N) equations as the following compacted form F;(x;, X3, ..., xm) = 0 with(i = 1,2, ...,N). The
obtained system contains a equations number greater than the seven parameters. In this case, the obtained
Jacobian matrix (J) is not a square matrix, so we must use the pseudo inverse of the Jacobian(J*). Thus, the
parameters vector (X) to be identified are updated at each iteration of the modified Newton-Raphson’s
method (MNR) [21]:

Xy =X =[] [E]i (19)

Where X; is the vector containing the resulting parameters at iteration(i), F; is the elements of vector F and
(i=1,..,N) and (N)is the number of values in a set of data). The row vector elements (J;) is given by:
J; = [0F;/0x, ,0F;/0x,, ..., 0F;/0xy |, and the iterative process will stop, when the error ||X;; — Xi|l < e.
The main steps of computational algorithm to estimate the PV parameters are shown in Figure 2.

5. RESULTS AND DISCUSSIONS
5.1. Determination of electrical parameters of PVC

The used database in this study consists of 26 points (N=26) of I-V measurements. These
experimental values are ranging from (-0.2V, 0.764A) to (0.59V, -0.21A) [22], [23].
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Figure 2. The flowchart of proposed algorithm for solar cell parameters estimation.

An experimental investigation of PVC is defined in the standard test condition (STC) which is the
Air Mass 1.5 spectrum, an incident power density P,of 1000 W.m™2 and a temperature of 25 °C. Using the
proposed method, the obtained current (1), power (P), and absolute current error (E) versus the voltage (V)
are presented in the Figure 3. This error is defined as:

E = X530 - 1V, X))? (20)

Where 1", /™" are the measured current and voltage respectively. I(Vi",X) is the calculated current by
Equation (1) and (X) is electrical parameters vector defined in Equation (29). As it is observed in Figure 3(a)
and Figure 3(b), satisfactory agreement is remarkable between the obtained results and the experimental data.
To confirm this observation, the deviation between the measured and the calculated current is relatively
small; it does not exceed 7 mA as shown in Figure 3(c). By analyzing the error variation in this curve, the
output voltage increases significantly with error (E). This result obliges us to take into account the step
voltage (8V) which is variable during the measurement process. Therefore, for the high voltage
measurement, the values of step voltage must be small.
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Figure 3. (a) I-V characteristics, (b) P-V characteristics of calculated and experimental measurements and (c)
the variation of absolute current error with voltage

Using developed method, the initial values of seven electrical parameters and their optimal final
values are listed in Table 1. In this table, some reference values are presented to be compared with the final
ones [24]. It’s noted that the initial and final values are closer but they show significant variations. Also, the
found optimal values by the developed method are very similar to those given in the reference. These results
show the importance of initialization stage because they permit a fast convergence of developed algorithm.
To analyze the performance of the proposed technique, many statistical errors are calculated and interpreted.
These indicators are the standard deviation (SD), the root mean square error (RMSE), the mean bias error
(MBE), and the "t-statistics". Their analytical expressions are defined as follows [8, 24]:

1 1 1
SD = EZ{-":l(Ii —I™)?, RMSE = /; N ;= I™? MBE = /; N =1,

t =/ (N —1)MBE2/(RMSE? — MBE?) (21)

Table 1. Extracted Electrical Parameters for Poly-Si solar Cell in Reference [24] and in this Work
Electrical parameters  Initial values  Final values  In reference [24]

In (A) 0.7675 0.7643 0.7602
Is1(A) 2.77x10%°  1.7432x10™%° 10-10
Is2(A) 8.13x10%®  5.3975x10° 9.889x107
N: 1 0.99 1.6
N, 2 2.00 1.192
Ry(Q) 0.045 0.0450 0.032
Ran(Q2) 61.549 61.5495 81.3
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The obtained statistical errors provide information on the over or under-estimation of the calculated
values related to the experimental data. Indeed, a higher value of RMSE indicates that there is an
inappropriate adopted model. A positive value of MBE implies an overestimation of the fitting curve
compared to the data base. A small value of ‘t-statistical’ error indicates that the used model is
correctly specified.

The found values of these statistical indicators are presented in Table 2, and compared with
reference values [24]. This table shows that developed method is powerful and accurate, and indicates that
extracted PVC parameters are more precise than those found by another works [24]. Indeed, the errors (SD,
Rl\gISE and NRMSE) are ameliorated about 10 times, while the other errors (MBE and t) are ameliorated
10” times.

Table 2. Statistical Indicators Results of Electrical Model.

Indicateurs statistiques Our method In reference [24]
Sp(107%) 2.79 20.32
RMSE (10%) 2.73 19.92
MBE (107%) 5.1x10° -14.10
t (10 9.3x10° 5.01

5.2. Determination of lifetime and diffusion length carrier minorities
In order to link the electrical with the physical parameters the Shockley—Read—-Hall (SRH) theory is

used. The studied parameters in this relationship are the minority carrier lifetimes (t,, Tp) and length
diffusion (L, Lp) in regions P and N respectively. In this work, a surface (S=2 cm?) of p-n Silicon is chosen
with other physical parameters listed in Table 3.

In literature, the current densities (Jo1, Jo,) Of diode 1 and 2 respectively are defined as [25], [26]:

2 2
Jor = a3-Du/t + 43Dy /T (22)

]02 =T qwni/\/ TnTp (23)

Where (n;) is the intrinsic carrier density, (W) is depletion layer width, (N,) and (Ng4) are acceptor and
donor densities, (D,,) and (Dy,) are the diffusion coefficients of minority carriers, (t,) and (t,,) are lifetimes
of minority carriers in P and N regions respectively. In equation (23) the expression (W) is given as:

W= [N+ 1NV (24)

Table 3. Device and material parameters of np poly-Si solar cell used in calculation

Physical parameters Parameters values
Ni(cm™®) 1.5x10%
Eq(eV) 1.12
Na(cm™®) 10%
Na(cm®) 5x10%
Dn(cm?s) 34.49
D,(cm?/s) 11.75
W(um) 1.01
Vii(V) 0.795

Where € is the absolute dielectric constant of the semiconductor, and Vy; is the built-in voltage across the p-n
junction expressed as:

Vyi = thn((NaNd)/niz) (25)

The preceding equations are simplified and written as:

a\/T_p + b\/T_n = cJo1/Joz and /T, Ty = ¢/Jo2 (26)

A Fast Strategy to determine the Pshysical and Electrical parameters of Photovoltasic (ElI Hadi Chahid)
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With  a = q/D,n?/N,, b = q,/D, n?/Ny, ¢ = mqWn;
Equation (26) gives a following second order equation:

a(JT)? = (cJor/Jo)yTp + bc/Joz = 0 (27)
The solution of this equation is:

Vi = ((¢Jor/loz) £VA)/ (28)

The discriminant of this equation is: A = cJo;(cJo; — 4ab)/(Jo2)?
For silicon semiconductor, the density (n;) as a function of the temperature (T) can be written as [27]:

n; = 4.34 x 10 x T3/2exp(— 6493/T) (29)

The Table 3 can be exploited to determine the physical parameters (t,, Tt,, Ly, and Lp) using
Equation. (22-29). These parameters are presented in Table 4 and compared with those found by other
research [28]. They show a small difference between T, in the Equation (28) and their references. However,
the difference of (t,,) is important which

Table 4. Comparison of the Physical Parameters Calculation and the Data Reported
Physical parameters Proposed method Reference method [28]

a(S) 2.35x10° 1.17x10°

o(S) 1.36x10° 1.18x107
La(um) 285 201
Ly(pum) 4 12

Approximately equal to 10%; the calculated (t,) is greater about 10 times than in reference [28].
This difference due to existing of recombination mechanism in the depletion region. Generally, these
mechanisms are neglected in standard J,, formula [13]. The analytical expression of J,, must be corrected by
an effective coefficient (a) as (Jo; = (quni/\/Tn—Tp). In this case, the values of these parameters are
T, = 1.22x 1077 s, L, = 12 pm, and a=3m.

6. CONCLUSION

This paper proposes a fast method for electrical parameters extraction of poly-Si solar cell with two
diodes model. The advantages of this model are the real representation of the intrinsic material phenomena.
Also it can give information about the recombination of charge carries due to the inevitable defects in the
material. The proposed method is based on the initialization values of seven electrical parameters with
graphical method and the development of new algorithm. This later is based on the Newton Raphson’s
method to determine the optimal values of these parameters. The obtained results compared with theory and
some previously published work show a good agreement with 1-V experimental data. This method is very
simple to use in real times measurements, and can determine easily many physical parameters like the
minority carrier lifetime, diffusion length though recombination current densities. The determined values
comparing with the theoretical models show an excellent agreement in level of physical and electrical
parameters extraction.
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