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Abstract. Researches are showing that photovoltaic cell equivalent model parameters are not constant and
are sensitive to climatic conditions changes. An improved algorithm for multi-photovoltaic cells manufac-
turing technologies to estimate those parameters is presented in this paper. The method allows a dynamic
model for the PV cell according to different climatic conditions. This method shows a better performance
of the model for several technologies (poly-crystalline, mono-crystalline and amorphous) of the PV mod-
ule. Simulated I-V curves are compared to experimental characteristics and other estimation methods for
different PV modules and different technologies. Some considerations about the impact of the variations
of these resistances on the PV module performance are drawn.

Nomenclature

I, PV cell current Ipnste Current generated by the incidence of light at STC
I, Light-generated current G Solar irradiance

Ip1  Diode 1 current T} P-N junction temperature in PV cell

Ip> Diode 2 current Iy Diode 1 reverse saturation current

R, Series resistance Ipo Diode 2 reverse saturation current

R,  Shunt resistance Vr Thermal voltage,

Voo PV cell voltage a1 Diode 1 ideality constant (a3 = 1)

as. Temperature coefficient of short-circuit current as Diode 2 ideality constant (as = 2)

Boe  Temperature coefficient of open-circuit voltage ¢ Electron charge (1.60217646 - 10~1° C)

STC Standard Test Conditions k Boltzmann constant (1.3806503 - 10~2% J/K)

1 Introduction

Recently, a major priority is the development of green energy, especially solar energy. This energy is becoming popular
due to its lower pollution compared to fuels. The characteristics of a PV panel are essential for designing and dimen-
sioning a PV power supply. In the literature, researches focus on refining PV models to encourage the developing of
new high-performance conversion systems and the prediction of the behavior of the system under different climatic
conditions. Many models are proposed: starting from the one-diode model, to the RS model, the RP model as well as
the two-diode model and three-diode model [1] and [2]. There is another important aspect of the PV simulation. It is
the estimation of the values of components and parameters of the model. Usually, the manufacturer datasheets give
only the open-circuit voltage, short-circuit current, MPP current voltage and power. These STC parameters are not
sufficient to extract the optimal parameters for various climatic conditions.
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Fig. 1. Double-diode circuit model.

In this field, many researches treat the five-parameter-for-single-diode model to describe analytically I-V charac-
teristic of a PV module for different conditions [3-6]. The parameters of the equivalent electrical circuit are estimated
by solving system equations based on data commonly issued by manufacturers in STC [7-10]. In addition, serial and
shunt resistances are then supposed constant for different climatic conditions.

A new five-parameter estimation is presented in this paper to compute dynamic internal parameters, namely I,
Io1, Io2, Rs and R, based on the short circuit, the open circuit and the maximum power points of the I-V curve for
different irradiances and temperatures. The rest of the paper is organized as follows; a two-diode model is developed
in sect. 2. Section 3 describes the dynamic five-parameter estimation algorithm. Simulation results are given and
compared to experimental results in sect. 4. A conclusion is presented in the last section.

2 PV cell modelling

The two-diode PV cell model is used in this paper since it improves the accuracy of the PV system and overcomes
the disadvantages of the single-diode model [10]. The corresponding electrical model of the photovoltaic cell includes
two diodes in parallel with the current source and a shunt resistance in addition to a series resistance. The two
diodes represent the PN junction polarization phenomena [11-14]. The two resistors have some effects on the I-
V' characteristics of the cell [15]. The series resistance is the internal resistance of the PV cell; it depends on the
resistance of the semiconductor. The shunt resistance is due to leakage at the junction [15-17]. The equivalent circuit
of the two-diode model is presented in fig. 1 [10,18]. Equation (1) gives the currents in diode D1 and D2.

Vi + Lo R
Ipy =1, {GXP (pa—:‘/;> — 1} )

Viow + Ly Rs
ID2 = .[02 |:6Xp (pa:‘/;> — ].:| .

Reverse saturation currents in D1 and D2 are given by eq. (2) [8],

Isc,STC + OZSCAT

oo = ex VocsTto+Boc AT | 1 ’
e @
Isc,STC + ascAT
Ipo =

VoesTo+BoeAT | 1
exp [ e 1

Vpr = k% is the thermal voltage, a; and as represent diodes ideality constants according to [19] and T is the temperature
of the PN junction in K. The current generated by the light incidence is given by eq. (3),
G

Iph = (IPhSTC‘ + OzscAT) Garc .

3)
The application of Kirchhoff law yields the expression of the cell output current eq. (4),

Voo + Tpu Rs
Ipv: ph*Ile-[DQ*(pRip)~ (4)
p
As a PVG is made essentially by grouping N, parallel branches where each branch is composed by Ny serial modules
of Ni. PV cells, the output global PVG current is deduced from eq. (4) by substituting Ipy and Ips from eq. (1) [17],

Viog + N2R, 1, Vg + = Rolpu Vioug N + Tpwg R
Ipvg _ NpIph . Np1,01 [exp ( pvg Np pvg) . 11 _ NpIoz [exp ( pvg N, P 9) 1 ( PVY N, pvg ) .

NstcalvT NSNSCaQVT Rp
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3 New five-parameters estimation method

The manufacturers always provide Iy p, Virp, Voo and I, at STC. The series and shunt resistors are deduced from
these values and are supposed constant for all operating conditions [19].

The algorithm of parameters estimation hereafter called “STC algorithm” uses an iterative method, which can be
divided into 4 steps.

— Step 1. Compute the initial values of R,, Ry, Ipn, o1 and Iy from the datasheet (Voe, Vinp, Isc, Imp, Vinp) using
eq. (2) and eq. (3) in STC, R;, R, is then deduced, eq. (6),

R, =0,

Ry = (Ve ) (Voo = Vi (6)
pe Isc - Imp Imp ’

where R, is the difference between the slopes of two line segments: the first is the slope between I,. and I,,,, and
the second is the slope between V,,,;, and V.

— Step 2. For each iteration, the value of R, is computed using eq. (7),

Vmp + ImpRs
Iph - IO {GXP (%) + €xXp (%) - 2:| - (Pmaz,D/Vmp)

R, = (7)

— Step 3. Compute I, = f(V}y) using the Newton-Raphson method and deduce the computed maximum PV power.

— Step 4. If | Praz—c — Prmaz—p| > €, the margin from the provided manufacturer power P,q.—p, then go to step 2;
else, R, and R, are held for the PV model.
The tolerance ¢ is selected equal to 0.05% for poly-crystalline, 0.25% for mono-crystalline and 1% for amorphous
technology modules.
The obtained R, and R, are then considered constant for PV modeling under different climatic conditions.

The work developed in this paper is a new five-parameter model estimation method for the two-diode model where
the estimated parameters are computed based on In;p, Virp, open-circuit voltage Voo and short-circuit current I
for various climatic conditions. This algorithm ensures R, and R, readjustment versus temperature and irradiance
perturbations. The obtained internal parameters are consequently dynamic and change versus climatic conditions.
Figure 2 gives the flowchart of the developed estimation method called “dynamic algorithm” [16].

4 Simulation results and discussion

The estimated R, and R, using the dynamic algorithm are adopted to model three types of modules technologies:
poly-crystalline, mono-crystalline and amorphous. Table 1 shows the manufacturer’s electrical values in STC for the
three different types. Tables 2 and 3 show parameters and essential points values of poly-crystalline modules MSX60
and KC-200GT compared with results of two methods developed respectively in [10] and [18] in STC. Table 4 shows
computed essential parameters of the I-V curve of KC-200GT at conditions G'= 800 W/m? and T = 20°C compared
with datasheet values and those obtained from computing the model using R and R,, given in [10]. Figure 3 shows the
developed model based on the dynamic algorithm of MSX60 compared with datasheet values and developed models
in [10] and [18] for several temperatures. Figures 4 and 5 show the simulated I-V curves using the proposed model
of KC-200GT and the manufacturing data, respectively, for several temperatures and solar irradiances. Table 5 and
table 6 summarize the values of shunt and series resistances R, and R, of the developed model computed for each
climatic condition using the dynamic algorithm, respectively, recorded in figs. 4 and 5.

The proposed model and models of refs. [10] and [18] exhibit similar results for the STC. This is expected because
the three models have almost the same values of calculated parameters of the equivalent model. In tables 2 and 3, the
error of the values of parameters of MSX 60 and KC-200GT does not exceed 0.4%. The I-V curves of the three models
in STC are close to the manufacturing curve in fig. 3. However, for G = 800 W/m? and T' = 20 °C, the proposed model
using the dynamic algorithm gives more accuracy than the other developed models in [10]; for example in table 4
the error between the maximum power of ref. [10] and the datasheet value is around 3.6% but this error using the
dynamic algorithm is equal to 0.0032%. Moreover, the dynamic algorithm offers I-V curves close to the datasheet
values (figs. 3, 4 and 5). We can conclude that the model obtained from the dynamic algorithm is more accurate and
close to the manufacturing data. According to tables 5 and 6, the series and shunt resistance vary versus climatic
conditions based on the dynamic algorithm, which allows us to obtain I-V curves close to experimental data. In the
rest of the paper we will evaluate the model provided by the dynamic algorithm and the manufacturing data for the
mono-crystalline and amorphous technologies.
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Fig. 2. Flowchart of the dynamic algorithm for the PV parameters estimation [16].

Table 7 shows parameters values of mono-crystalline modules (ISF-240 and SW280) obtained from the dynamic
model at STC. Table 8 shows the computed essential parameters of mono-crystalline modules compared with manu-
facturing values at G = 800 W/m? and T = 20 °C. Table 9 shows the parameters values and the essential point of the
amorphous module compared to the manufacturing values for two conditions: STC and G' = 800 W/m?, T = 20°C.

It is obvious from table 8 that the proposed model is also efficient for the mono-crystalline technology since all
calculated values from the dynamic algorithm have almost the same values given by the manufacturer. This error does
not exceed 1%. However, the error between the manufacturing values and the calculated values from the dynamic
algorithm for the amorphous panel is equal to 4% (table 9).
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Table 1. Datasheet parameters of poly-crystalline, mono-crystalline and amorphous panels.

Datasheet parameter Poly-crystalline Mono-crystalline Amorphous
MSX60 KC-200GT ISF-240 SW 280 U-EA110

I (A) 3.8 8.21 8.46 9.71 2.5

Voe (V) 21.1 32.9 37.1 39.5 71

Lnp (A) 3.5 7.61 7.91 9.07 2.04

Vinp (V) 17.1 26.3 30.3 31.2 54

K, V/C —80-1073 —123-1073 —120-1073 —118-1073 —0.39

K; A/C 3.1073 3.18 1073 3.5-1073 3.88-1073 0.056
N 36 54 60 60 106

Table 2. MSX60 points results of dynamic algorithm data compared with results of refs. [10] and [18] and the datasheet data
at STC.

Model parameter | Datasheet Computed results Newton-Raphson method [10] STC algorithm [18]
by dynamic algorithm

L (A) - 3.8 3.8084 3.8
Ini (A) - 4.6502 - 1071° 4.8723-1071° 4.704-107 1%
Tz (A) - 4.6502 - 1071° 6.1528 - 10710 4.704 10710
Rs (Q) - 0.335 0.3692 0.35
R, (Q) - 149.4678 169.0471 176.4

ai - 1 1.0003 1

a2 - 2 1.9997 1.2
I (A) 3.8 3.7915 3.8 3.79
Voe (V) 21.1 21.0644 21.06 21.04
Inp (A) 3.5 3.4824 3.493 3.49
Vinp (V) 17.1 17.1868 17.1 17.12
Py (W) 60 59.8520 59.76 59.76

Table 3. Kyocera KC-200GT points results of dynamic algorithm data compared with results of refs. [10] and [18] and the
datasheet data at STC.

Model parameter | Datasheet Computed results Newton-Raphson method [10] STC algorithm [18]
by dynamic algorithm

Lon (A) - 8.21 8.2237 8.21
Io1 (A) - 4.079-1071° 4.1437-1071° 4.218-1071°
T2 (A) - 4.079-1071° 1.9032 - 1071 42181071
Rs (2) —~ 0.312 0.3305 0.32
R, (2) - 131.689 196.5 160.5

ai - 1 1.0003 1

as - 2 1.9997 1.2
Ise (A) 8.2 8.19 8.2 8.19
Voe (V) 32.9 32.8571 32.85 32.8
Lnp (A) 7.61 7.566 7.646 7.58
Vinp (V) 26.3 26.4 26.1 26.4
Pop (W) 200 200.0028 199.6 200.15
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Table 4. Matching points of the datasheet and two-diode model for the KYOCERA KC-200GT module at 800 W/m? and
20°C.

Results of simulati f
Datasheet parameter Datasheet measuring Dynamic algorithm esults of simuiation o
the model using R, and R, [10]
R (2) — 0.4560 0.3305
R, () - 210.73 196.5
Isc (A) 6.62 6.605 6.6
Voe (V) 29.9 29.87 29.86
Lnp (A) 6.13 6.097 6.1
Vinp (V) 23.2 23.28 23.96
Prp (W) 142 142.0046 146.5
4.5 [ o Experimental data
Proposed model
44 2 ——Model of [10]
35 T ——Model of [18]
. 3 i
<
T25F ° -
=]
g oL T=75°C\ \T=50°C\\ T=25°C T=0°C
=
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Fig. 3. I-V curves of MSX60 comparing between the model of refs. [10] and [18], the developed model using the dynamic
algorithm and manufacturing data at various temperatures and G' = 1000 W/m?.

PV parameters of the datasheet are compared to those obtained with methods of ref. [10], ref. [18] and the dynamic
algorithm. The series and shunt resistances of the PV panel are maintained constant in the case of the classic algorithm;
thus, the error between measured and estimated PV parameters increases when climatic conditions move away from
STC. Contrary to the dynamic algorithm, R, and R, vary versus both temperature and irradiance. This leads to have
a PV model close to the real PV for various climatic conditions.

To evince more its efficiency and performance, the proposed five-parameter estimation method for the two-diode
model is validated for the mono-crystalline SG MONO GF 170 F PV panel. Experimental data are compared to
simulated ones with dynamic algorithms in fig. 6 for various climatic conditions.

In order to evaluate models performances for each climatic condition we calculate the RMSE (Root-Mean-Square
Error) given by

RMSE =

2|~

N
Z(afi - Ti)?, (8)

where N is the number of obtained points, Z; is the estimated value, x; is the observed value.

Table 10 resumes the RMSE of the dynamic algorithm for different climatic conditions. This table confirms the
effectiveness of the dynamic algorithm.

It is obvious from fig. 6 and table 10 that experimental results are close to simulation results computed through

the five-parameter estimation method taking into account dynamic series and shunt resistances for different climatic
conditions.
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Fig. 4. I-V curves of KC-200GT at various temperatures and G = 1000 W /m?.
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Fig. 5. I-V curves of KC-200GT at various irradiations and T = 25°C.

Page 7 of 10

Table 5. Results of resistances values of KC-200GT using the dynamic algorithm for several temperatures.

G = 1000 W /m?
T (°C) 75 50 25
R, (D 0.25 0.18 0.246
R, (Q 58.78 50.64 74.1

Table 6. Results of resistances values of KC-200GT using dynamic algorithm for several irradiations.

T =25°C
G (W/m?) 1000 800 600 400 200
R. () 0.246 0.18 0.268 0.3 0.9
R, () 74.1 102.1 49.1 121.9 226
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Table 7. Computing parameters of mono-crystalline modules of the dynamic algorithm at STC.

Datasheet parameter ISF-240 SW 280
Ipn (A) 8.46 9.71
To1 (A) 2.95-1071° 713107
T2 (A) 2.95-1071° 7.13-107
R, (Q) 0.254 0.3690
R, () 185.25 99.2735
a1 1 1
as 2 2

Table 8. Computing parameters of mono-crystalline modules of the dynamic algorithm at 800 W/m? and 20 °C.

Datasheet parameter

ISF-240

SW 280

Datasheet measuring

Dynamic algorithm

Datasheet measuring

Dynamic algorithm

R, () - 0.3690 - 0.395

» (22) - 425.3552 - 196.6
Isc (A) 6.81 6.8 7.85 7.83
Voe (V) 33.6 33.58 36.1 36.06
Inp (A) 6.37 6.35 7.33 7.27
Vinp (V) 26.37 26.9 28.5 28.7
Py (W) 170 170.9 209.2 209.29

Table 9. Computing parameters of the amorphous modules of the dynamic algorithm.
U-EA110
Datasheet parameter STC G = 800 W/mQ, T=20°C

Datasheet measuring

Dynamic algorithm

Datasheet measuring

Dynamic algorithm

R, (Q) - 1.336 - 0.01
R, (Q) - 126.22 - 139.5
e (A) 2.5 2.5 2.02 2.0199
Voe (V) 71 70.3 65.5 64.677
Lmp (A) 2.04 2.07 1.66 1.6
Vinp (V) 54 55 49.2 52
p (W) 110 114 81.8 83
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Fig. 6. I-V curves for various temperatures and irradiances.

Table 10. I-V curves error.

Climatic condition RMSE for dynamic algorithm
G =754.49Wm ? and T = 38.5°C 0.0771
G =494.63Wm 2 and T = 36.6°C 0.13629
G =98575Wm 2 and T = 42°C 0.12633
G =802Wm 2 and T = 40°C 0.07465

5 Conclusion

The I-V characteristics of a photovoltaic PV module can be reproduced considering a two-diode model equivalent
circuit made of non-linear equations. In this paper, the five unknown parameters of the considered two-diode PV
model have been evaluated. Iterative algorithms are developed to estimate unknown PV parameters. The simulation
results for different technologies of the PV module are summarized in tables. This table benchmarking showed that the
new algorithm gives, for different manufacturing technologies of the PV cell, models curves almost overlapping with
experimental ones. A particular attention has been devoted to the variation of shunt and series resistances of a PV
module as they have a large impact on the efficiency of the PV module at different operating conditions. In addition
the simulated I-V curves are compared to experimental results of a SG MONO GF 170 F proving the effectiveness
and the accuracy of the dynamic algorithm when irradiance and temperature vary.
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