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a b s t r a c t

Low-concentration photovoltaic (LCPV) system has huge potential for further cost reduction of solar pho-
tovoltaic (PV) power as compared to flat panel PV. The dependence of steady state and dynamic param-
eters on concentration and temperature is crucial to extract maximum power from solar photovoltaic
system. This article aims to present the effect of varying concentration and temperature on steady state
and dynamic parameters of LCPV system under actual test conditions (ATC). The rate of change in ISC with
solar irradiation i.e., dISC/dG is found as 0.25 A/W assuming �±1 �C change in module temperature. The
effect of temperature on inherent material properties responsible for photo-conversion efficiency is stud-
ied using impedance spectroscopy technique. A linear response of series resistance of LCPV module is
observed with respect to change in module temperature, i.e. dRS/dT from 297 to 333 K is in the range
of 1.15–1.20 X with a rate of 1 mX/K. From real-time analysis of LCPV system open-circuit voltage found
decreasing from 21 to 20.6 V with temperature coefficient of voltage ��0.061 V/K. The dynamic resis-
tance has a positive coefficient of module temperature i.e., drd/dT given by 0.49 X/K.

� 2014 Elsevier Ltd. All rights reserved.

Introduction

In recent years, an increased awareness to reduce global warm-
ing drives many countries around the world to encourage renew-
able energy applications. In this scenario solar energy has
emerged as a promising resource of clean energy alternative to
non-renewable energy resources. Solar energy is probably the
strongest-growing electricity generating technology, demonstrat-
ing recent annual growth rates of around 23% and worldwide pro-
duction of 32.34 GW in 2012 consisting of both grid connected and
off grid remote power supplies [1]. The global investment in the
market of photovoltaic modules has increased 20 times over the
past decade [2]. Besides playing the significant role in the future
energy blend, photovoltaic (PV) generation is significantly contrib-
uting to the environmental impact of electricity supply. Solar en-
ergy is effectively utilized in two ways, i.e., either by using it
directly for heating or cooling of air and water without using an
intermediate electric circuitry (i.e. solar thermal), or by converting
it into electrical energy by using solar PV modules. Direct conver-
sion of solar radiation into electrical energy is the most suitable

way of utilizing solar energy. Among the various PV technologies,
Si is one of the widely used semiconductors for the fabrication of
solar cell. About 80–90% of PV cells manufactured worldwide are
Si wafer based solar cells. The price of electricity generated from
solar cell is quite high as compared with the conventional electric-
ity price. Further cost reduction of the solar cell is possible by using
thin c-Si wafers [3], thin film c-Si [4], Si in the form of ribbon [5,6],
and concentrator Si solar cell [7,8]. In last decade price of silicon
based solar module is reduced by a factor of 1/5 making it more
relevant to develop low-concentration photovoltaic’s using these
cells.

Concentrator photovoltaic (CPV) technologies are usually classi-
fied according to its concentration ratio, i.e., low, medium and high
concentration systems [9,10]. The major hindrance in medium and
high concentration is as follows:

(A) The cell temperature increases with increase in concentra-
tion of light and being a semiconductor material it has neg-
ative temperature coefficient of open-circuit voltage. As a
result the solar cell losses its efficiency.

(B) Concentrating system uses direct sunlight, so they require
an accurate Sun tracking system. With the increase in con-
centration a high precision in tracking and optics is required
[8].
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Low concentration photovoltaic (LCPV) systems with concen-
tration ratio below 10 Suns present following advantages:

(A) LCPV systems can make use of conventional high perfor-
mance silicon solar cells (made for 1 Sun application [11]).

(B) LCPV systems are less demanding in terms of tracking accu-
racy as compared to high concentration systems [12].

Recently, there has been a renewed interest in the low concen-
tration Si solar PV systems. In this technology the commercial Si so-
lar cell is used under the concentration of 2 Suns to 10 Suns. The
improvement in performance is obtained by reducing the series
resistance of the solar cell by using commercial techniques like
electro-deposition of front metal contacts with Ag [4]. A lot of work
has been done in designing and analysis of the low concentration
photovoltaic system (LCPV) [13–20]. An industrialization potential
of silicon based concentrator photovoltaic system with an esti-
mated cost of $0.5/Wp is reported by Castro et al. [18], where the
group uses back contact solar cells under 100 Suns. A detailed re-
view of modeling in relation to low-concentration solar concentrat-
ing photovoltaic is presented by Zahedi [13]. Li et al. have studied
the performance of solar cell array based on a trough concentrating
photovoltaic/thermal system [19]. Recently, Schuetz et al. [20] have
reported design and construction of �7� low-concentration CPV
system based on compound parabolic concentrators.

The solar PV module exhibits non-linear voltage current-
characteristics which vary with module temperature and solar
radiation. For practical purposes it is assumed that the power
delivered by solar PV module connected to maximum power
point tracking (MPPT) system is always maximum [21]. Under
concentration conditions it becomes difficult to track maximum
power point due to extended effect offered by small variation in
sunlight. The continuous variation in solar PV module output
under actual test conditions (ATC) leads to improper tracking
of maximum power point (MPP) [22]. In this situation it is
important to analyze static and dynamic parameters of solar
PV module accurately for designing better MPP tracker. Very
few reports exist in literature on the estimation of dynamic
parameters of a PV system [23–26] and there is no report on
the real-time effect of temperature and solar radiation on dy-
namic resistance for a LCPV system in our knowledge. We have
recently reported an experimental method to calculate static
and dynamic parameters of LCPV module [17]. Present work is
an extension and further generalization of the method, focusing
particularly on the relative effect of solar radiation and module
temperature on the dynamic parameters of LCPV system under
real-time conditions.

Performance prediction model

Solar PV module is an integral part of solar power generation
system. A solar PV module is made of series connected solar cells.
Solar cell is basically a semiconductor p-n junction device fabri-
cated using a thin wafer or layers of p-type and n-type semicon-
ductor material. The solar radiation is directly converted into
electricity through solar photovoltaic effect exhibited by the p-n
junction. When a solar PV module is exposed to solar radiation, it
shows non-linear current–voltage characteristics. The output cur-
rent–voltage characteristic of solar PV module is mainly influenced
by the solar insolation and cell temperature. There exist many
mathematical models used for computer simulation, which de-
scribe the effect of solar insolation and cell temperature on output
current–voltage characteristics of solar PV module [27–29]. A gen-
eralized model for LCPV solar system, using MATLAB/Simulink is
reported model here, which is used to predict expected I–V of LCPV
system under ATC.

A crystalline silicon wafer-based solar photovoltaic (PV) cell of
size 156 mm � 156 mm typically produces around 3.8 W at a volt-
age of 560 mV. These cells are connected in series and/or parallel
configuration on a module to produce required power. The equiv-
alent circuit for solar PV module, having NP numbers of cells ar-
ranged in parallel and NS number of cells arranged in series, is
shown in Fig. 1.

The terminal equation for current and voltage of the solar PV ar-
ray is mentioned below as described by many groups [30–33]:
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Nomenclature

TC working temperature of solar cell (K)
RSH shunt resistance
RS series resistance
NS series number of cells in a PV module
NP parallel number of modules for a PV array
ISC cell’s short-circuit current at 25 �C and 1 kW/m2

KI cell’s short-circuit current temperature coefficient
TRef cell’s reference temperature
k solar insolation in kW/m2

r reflection coefficient of mirror
IRS cell’s reverse saturation current at a reference

temperature and solar radiation
Eg band-gap energy of the semiconductor used in the cell

IS cell saturation or dark current
q electron charge (1.6 � 10�19 C)
A ideality factor
VOC open-circuit voltage
rd dynamic resistance
Rd diffusion resistance
Ct transition layer capacitance
Cd diffusion capacitance
MPP maximum power point
PMAX maximum power
CR concentration ratio
FF fill factor

Fig. 1. The general model for LCPV module.
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