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a b s t r a c t

A photovoltaic (PV)-battery power source consists of a PV panel, a primary DC/DC converter, and a bat-
tery or a batteries bank. It is generally used to provide electric energy for local consumers such as build-
ings. Maximum power point tracking (MPPT) schemes cannot be applied to it because the PV panel
output current is only determined by the state of charge (SOC) of the battery. In this study, two novel
techniques are proposed to increase the energy efficiency of PV-battery power sources. Replacing the pri-
mary DC/DC converter with a novel proposed DC/PWM inverter, and decomposing the PV panel into a set
of parallel homogenous configured PV modules are the two proposed techniques. It is shown that the
implementation of each technique effectively increases the energy efficiency of PV-battery power
sources. The two techniques are combined to each other to implement a new PV-battery power source.
It is proved that the energy efficiency of the new version is significantly more than conventional version.
Simulated results performed in MATLAB/Proteus 6 verify an increase of 29% in the energy efficiency. Four
PV-battery power sources have been built, and comparative experimental results are presented that ver-
ify an increase of 27% in the energy efficiency.

� 2015 Elsevier Ltd. All rights reserved.

1. Introduction

Several rechargeable batteries coupled to a PV panel through a
primary DC/DC converter is known as a PV-battery power source.
Thus, a PV-battery power source consists of a PV panel, a primary
DC/DC converter, and a battery or a batteries bank. The PV-battery
power sources are generally used to provide electric energy for
local consumers such as buildings. For example, they are widely
used in building integrated photovoltaic systems (BIPVS) [1]. The
PV-battery power sources are strictly different from
grid-connected PV systems, so that, maximum power point track-
ing (MPPT) schemes cannot be applied to them because the output
current of the PV panel is only determined by the state of charge
(SOC) of the batteries bank which is the sole load of the PV panel.
Improving the performance of the PV-battery systems has been the
subject of many research works [2,3]. Improving the charge pro-
cess in a PV-battery system by directly charging the battery from
the PV system without using any inverter/converter was reported
in [4]. The main defect of directly charging the battery is that there
is no any electronic device to regulate the charging voltage/current,
so not only the battery life cycle is significantly shortened but also

the battery can be even damaged. As another research work, a
charge control strategy for stationary PV-battery systems was pre-
sented in [5]. The proposed charge scheme uses dynamic program-
ming to predict household loads and PV generation profiles. The
energy conversion efficiency of the PV energy is significantly low
because there is not any consideration about the energy efficiency
in the charge process.

On the other hand, literature survey shows that the topics
related to PV systems basically began by modeling and character-
izing PV modules and solar cells [6–8]. The single diode model of a
PV module/solar cell is a basic model that characterizes a PV mod-
ule/solar cell by presenting an equivalent circuit including only one
diode [9]. The single diode model consists of the four elements
which are a shunt resistance, a series resistance, a current source
modeling the photocurrent, and a diode the current of which
depends on the reverse saturation current and the ideality factor.
The estimation of these five parameters has also been the subject
of many researches [10]. Extracting the mentioned five parameters
using the analytic solutions of the I–V characteristic was reported
in [11]. The estimation of the five parameters using nonlinear min-
imization algorithm [12], particle swarm optimization [13], genetic
algorithm [14], differential evolution [15], semi-pattern search
[16], pattern search [17], analytic-neural method [18], analytic
method [19] and analytic-Lambert W function methods [20] have
been also reported over the years.
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Finding the maximum power point (MPP) of a PV module and
also performing a suitable maximum power point tracking
(MPPT) scheme are the two other important problems associated
with PV systems [21,22]. The two similar neural based MPPT
techniques were presented in [23,24]. The performance of a PV
module/panel is significantly affected by the environmental
conditions such as dust. Several MPPT methods for PV systems
under different environmental conditions were reported in
[25–28].

PV modules are connected to each other to provide appropriate
output voltage, current and power indicating the practical features
of the formed PV panel/array. Determining the MPP of some PV
modules connected in different possible configurations is the
another very important problem because it results the determina-
tion of the MPP of a PV panel [29,30]. On the other hand, shading
significantly impacts on the maximum output power of a single
PV module and a set of the PV modules connected to each other
to form a PV panel [31,32]. Finding the MPP of different configured
PV modules becomes more difficult for shaded situations because
some local maximum power points appear on the P–V curves of
the some configurations such as series–parallel combination
[33,34]. All the available PV panel configurations used in PV sys-
tems until 2014 were reported in [35]. The MPP of different config-
ured PV modules was numerically determined using the Lambert
W function as a mathematical tool in [36].

It is worthwhile to note that during last years, a hard attempt
has continually been available to improve the energy conversion
efficiency of solar cells by modifying the chemical processes

utilized to produced them [37,38], so finding and presenting some
schemes to obtain a higher energy efficiency from the available
solar cells and PV systems such as PV-battery power sources is
considered as an excellent research work. According to this idea,
some attempts have been performed for modifying and improving
some elements of PV based energy systems [39–41]. As another
example, a battery charger with MPPT function for low-power PV
system applications was presented in [42].

As another attempt, in this study, the main part of a conven-
tional PV-battery power source including a primary DC/DC con-
verter and a PV panel is considered. At the first step of this
research work, a DC/PWM (pulse width modulation) inverter with
variable duty cycle is proposed for using instead of the primary
DC/DC converter used in the conventional PV-battery power
source, and for the first time, it is shown that the energy efficiency
of the PV-battery power source is improved by replacing the pri-
mary DC/DC converter with the proposed DC/PWM inverter. At
the second step, it is theoretically shown that the energy efficiency
of the conventional PV-battery power source is effectively
increased by decomposing the PV panel of the system into a set
of parallel homogenous configured PV modules. In the third step
of this study, the results obtained from the first and second steps
are combined to each other, so that, both decomposing the PV
panel and replacing the primary DC/DC converter with the pro-
posed DC/PWM inverter are utilized to implement a new
PV-battery power source. Then, it is shown that the energy effi-
ciency of the new PV-battery power source is significantly more
than the conventional version and also the two PV-battery power

Nomenclature

E electric energy consumed by the +57.6 V Li-ion battery
during charge process (J)

G actual irradiation (W m�2)
Gn nominal irradiation (W m�2)
I output current of the PV module (A)
IBat:�Char:ðtÞ charging current of the rechargeable battery (A)
IOut�PV ðtÞ output current of the PV module (A)
IPH photo current (A)
IPHn nominal photo current (A)
IRðtÞ electric current consumed by the internal circuit of the

voltage regulator (A)
ISC short circuit current of the PV module (A)
ISCn nominal short circuit current of the PV module (A)
Io reverse saturation current of the diode in model (A)
Io;n nominal reverse saturation current of the diode in

model (A)
Ith threshold current of the battery charger (A)
Imp current of the PV module at the maximum power point

(A)
K Boltzmann constant (1:38� 10�23 J K�1)
KI current/temperature coefficient (A K�1)
KV voltage/ temperature coefficient (V K�1)
n ideality factor of the PV module
Ns number of the solar cells of a PV module connected in

series
PE�Conv : electric power absorbed by the +57.6 V Li-ion battery in

the conventional PV-battery power source (W)
PE�Second electric power absorbed by the +57.6 V Li-ion battery in

the second PV-battery power source (W)
PE�Third electric power absorbed by the +57.6 V Li-ion battery in

the third PV-battery power source (W)
PE�Fourth electric power absorbed by the +57.6 V Li-ion battery in

the fourth PV-battery power source (W)

PLossðtÞ instant power loss in the primary DC/DC converter (W)
POutðtÞ instant output power of the primary DC/DC converter

(W)
POut�PV ðtÞ instant output power of the PV module (W)
Pmax;e experimental value of the maximum output power (W)
P% shading percent
q electron charge (1:6� 10�19 C)
r ripple factor
Rs equivalent series resistance of the PV module (X)
Rp equivalent shunt resistance of the PV module (X)
R% improving factor of the PV energy conversion efficiency
STC standard test condition: G ¼ 1000 W m�2, AM 1.5 solar

radiation spectrum, T ¼ 25 �C, hz ¼ 48:19�

ton ‘‘ON’’ state duration of PWM waveform (sec.)
toff ‘‘OFF’’ state duration of PWM waveform (sec.)
T cell temperature on the PV module (K)
Tn nominal cell temperature on the PV module (K)
VT ¼ NsKT

q thermal voltage of the PV module (V)
VTn nominal thermal voltage of the PV module (V)
V output voltage of the PV module (V)
VBat:ðtÞ output voltage of the rechargeable battery (V)
VOC�Bat: open circuit voltage of the rechargeable battery (V)
VOC open circuit voltage of the PV module (V)
VOCn nominal open voltage of the PV module (V)
Vmp voltage of the PV module at the maximum power point

(V)
VOutðtÞ output voltage of the primary DC/DC converter (V)
VOut�newðtÞ output voltage of the proposed DC/PWM inverter (V)
VOut�PV ðtÞ output voltage of the PV module (V)
hz solar angle (deg)
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