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a b s t r a c t

A numerical method for determining the five-parameter model of photovoltaic cells is presented in the
paper. Explicit equations are applied to analyze the relations between parameters which are solved by
an optimization algorithm. Lambert W function is implemented to convert the I–V characteristic implicit
equation to an explicit one, so the output current and voltage of photovoltaic cells can be obtained by
substituting the five parameters into the explicit I–V equation. Several cells are used to verify the
accuracy of the proposed method from different aspects. It is found that the proposed method gives
precise results and can be applicable to various types of photovoltaic cells.

� 2014 Elsevier Ltd. All rights reserved.

1. Introduction

Photovoltaic system directly converts sunlight into electricity.
As one of distributed sources, the PV power is increasingly
connected to the grid due to concerns related to environment,
global warming, energy security, technology improvements and
decreasing costs [1,2]. The basic device of a photovoltaic system
is the photovoltaic cell. Cells may be grouped to form panels or
arrays. The modeling for photovoltaic cells plays an important part
in the study of the dynamic analysis of converters, in the study of
the maximum power point tracking algorithms and mainly to
simulate the photovoltaic system and its components using circuit
simulators [3,4].

Photovoltaic cell model is usually equivalent to the four or five-
parameter model in related studies. The five-parameter includes
the determination of light current (IPV), diode reverse saturation-
current (I0), diode ideality factor (a), series resistance (Rs) and
shunt resistance (Rp), whereas the four-parameter model assumes
Rp as infinite and then can be neglected. The five-parameter model
has been widely researched because of its good compromise
between accuracy and simplicity [5–10].

The study of photovoltaic cells has been focusing on the method
of getting parameters exactly. Various analytic and numerical
methods have been proposed. The method of keeping the value

of a as constant is applied in many papers. For instance, in [9]
the values of Rs and Rp are analytically obtained with an estimation
formula of Rs used. And in [10] an iterative process is used to
calculate the values of Rs and Rp. However, the problem of iterative
convergence and the selection of initial values should be solved,
also the assumption of a value as a constant will decrease the accu-
racy of the model undoubtedly. Two approximate resistance values
are used to transform the nonlinear equation to linear one in [11],
the parameters being then simply and exactly obtained. However,
it is very difficult to get the values of the resistance exactly without
experimental data. Recently, several authors focus on extracting
the parameters using artificial neural network (ANN) [12] and
evolutionary algorithm (EA) [13]. Despite the promising research
prospects, the applications are restricted by some disadvantages
such as the needs of large amounts of data and the computational
difficulties. For example, King [14] presents an algebraically
method to get the photovoltaic cells parameters exactly, but large
amounts of data are required which are very difficult to obtain
from the manufacturer.

Another defect is that the solving of the methods mentioned
above are based on implicit I–V characteristic equations which
are difficult to solve. Fortunately, Lambert W function can solve
this problem due to its effectiveness of solving the implicit
transcendental equation. Jain and Kapoor [15] and Ghan and Duke
[16] describe the behavior of the photovoltaic cell using Lambert W
function and present the explicit I–V characteristic equations. On
this basis, Ding [17] presents a method for converting complex
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transcendental equations to algebraic equations. However, the val-
ues of coefficients in the algebraic equations cannot be gained
without experimental data.

In general, the analytic method cannot work well without
experimental data and the problems of imprecision and complex-
ity need to be solved for numerical method. So, two issues should
be solved in order to obtain an accurate photovoltaic cell model
with limited data. The first one is how to handle equations and
solve them easily without affecting the model accuracy, the other
one is to work only with the data provided by the manufacturer.

Apparently, the values of the five parameters can be extracted
simply and accurately based on an explicit equations. Considering
the above requirements, this paper proposes a model based on the
explicit equations to characterize PV cells and calculate the values
of parameters. In the approach, two explicit equations of the relation
between Rp and two parameters (Rs, a) are proposed which are used
to analysis effects of a for output characteristic of PV cells and ob-
tained values of the five parameter through optimization algorithm.
Then the I–V equations based on Lambert W function are imple-
mented to calculate the values of output current and voltage. Unlike
previous methods, this proposed approach makes the computation
simple meanwhile the results more precise. Finally, the verifications
of I–V characteristics and maximum power are taken and the results
show that the method is effective and precise for most types of cell.

2. Five-parameter calculation methods based on explicit
equations and optimization algorithm

2.1. Equations extracted from the manufacturer data

The equivalent circuit of photovoltaic cells is shown in Fig. 1.
The equation describes the relation between the output current
(I) and voltage (V) can be written as:

I ¼ Ipv � I0 exp
V þ RsI

aVt

� �
� 1

� �
� V þ RsI

Rp
ð1Þ

where Ipv and I0 are the light–current and the reverse saturation
current respectively, Vt = NskT/q is the thermal voltage of the
module with Ns cells connected in series, q represents the electron
charge (1.6� 10�19 C), k is the Boltzmann constant (1.38� 10�23 J/K),
a represents the ideality factor of the diode and T means the
temperature of the P–N junction.

Eq. (1) is an implicit transcendental equation. It is usually
solved by iterative method such as Newton–Raphson, which is very
complex. So, two explicit equations are proposed by means of
Lambert W function:

I ¼ RpðIpv þ I0Þ � V
Rs þ Rp

� aVt

Rs
WðYÞ ð2Þ

WðYÞ expðWðYÞÞ ¼ Y ð3Þ

Y ¼ RsRpI0

aVtðRs þ RpÞ
exp

RpðRsIpv þ RsI0 þ VÞ
aVtðRs þ RpÞ

� �
ð4Þ

V ¼ RpðIpv þ I0 � IÞ � IRs � aVtWðZÞ ð5Þ

WðZÞ expðWðZÞÞ ¼ Z ð6Þ

Z ¼ RpI0

aVt
exp

RpðIpv þ I0 � IÞ
aVt

� �
ð7Þ

The value of output current (I) can be calculated easily using Eq.
(2) for a given value of voltage (V). Characteristic curves of I–V and
P–V based on Eq. (2) are showed in Fig. 2.

The values of the short current (Isc), the open circuit voltage
(Voc), the maximum power current (Im) and voltage (Vm), view
Fig. 2, are normally supplied by manufacturer. Several equations
are extracted here.

For the case of the short circuit, we have: V = 0 and I = Isc, and
then:

Ipv ¼
Rp þ Rs

Rp
Isc þ I0 exp

RsIsc

aVt

� �
� 1

� �
ð8Þ

In Eq. (8), I0 can be ignored because of its very small value,
therefore, a simplified equation is shown as follows:

Ipv �
Rp þ Rs

Rp
Isc ð9Þ

For the case of open circuit, we have: V = Voc and I = 0, and then
the expression of I0 is obtained:

I0 ¼
ðRp þ RsÞIsc � Voc

C1Rp
ð10Þ

where

C1 ¼ exp½Voc=ðaVtÞ� � 1 ð11Þ

At the maximum power point, V = Vm and I = Im, the following
relation can be obtained based on Eqs. (1) and (9)–(11):

Rp ¼
Vm þ RsIm � C2Voc=C1 þ RsIscðC1 � C2Þ=C1

ðC1 � C2Þ=C1Isc � Im
ð12Þ

Rp ¼
Vm � C2Voc=C1

ðC1 � C2Þ=C1Isc � Im
� Rs

where

C2 ¼ exp½ðVm þ ImRsÞ=ðaVtÞ� � 1 ð13Þ

It can be seen in Fig. 1 that the derivative with respect to power
at the maximum power point is zero. So we can get another
equation:

dP
dV

����
Vm

¼ Vm
dI
dV

����
Vm

þ Im ¼ 0 ð14Þ

pvI dI

sR

pR V

I

Fig. 1. Equivalent circuit of the five-parameter model.

0

2

4

6

0 10 20 30 40
0

50

100

150

( ,0)scI

(0, )ocV

( , )m mI V

( , )m mV P

Fig. 2. I–V and P–V characteristic curves of a PV module with 72 cells connected in
series.
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