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The various forms of solar energy e solar heat, solar photovoltaic, solar thermal electricity, and solar
fuels offer a clean, climate-friendly, very abundant and in-exhaustive energy resource to mankind. Solar
power is the conversion of sunlight into electricity, either directly using photovoltaic (PV), or indirectly
using concentrated solar power (CSP). The research has been underway since very beginning for the
development of an affordable, in-exhaustive and clean solar energy technology for longer term benefits.
This paper, therefore, reviews the progress made in solar power generation research and development
since its inception. Attempts are also made to highlight the current and future issues involved in the
generation of quality and reliable solar power technology for future applications. A list of 121 research
publications on the subject is also appended for a quick reference.

� 2013 Elsevier Ltd. All rights reserved.
1. Introduction

The fast depleting conventional energy sources and today’s
continuously increasing energy demand in the context of environ-
mental issues, have encouraged intensive research for new, more
efficient, and green power plants with advanced technology. Since
environmental protection concerns are increasing in the whole
world today, both new energy and clean fuel technologies are being
intensively pursued and investigated. Most of the renewable energy
from wind, micro-hydro, tidal, geothermal, biomass, and solar are
converted into electrical energy to be delivered either to the utility
grid directly or isolated loads [1e4]. Human race has been har-
nessing solar energy, radiant light and heat from the sun since
ancient times using a range of ever-evolving technologies. Solar
energy technologies include solar heating, solar photovoltaic, solar
thermal electricity and solar architecture, which can make signifi-
cant contributions towards solving some of the most pressing en-
ergy problems now faced by the world [5].

For the generation of electricity in far flung area at reasonable
price, sizing of the power supply system plays an important role.
Photovoltaic systems and some other renewable energy systems
are, therefore, an excellent choices in remote areas for low to me-
dium power levels, because of easy scaling of the input power
source [6,7]. The main attraction of the PV systems is that they
produce electric power without harming the environment, by
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directly transforming a free inexhaustive source of energy, the solar
energy into electricity. Also, the continuing decrease in cost of PV
arrays and the increase in their efficiency imply a promising role for
PV generating systems in the near future [8,9]. Unfortunately, the
technologies associated with photovoltaic (PV) power systems are
not yet fully established, and therefore, the price of an energy unit
generated from a PV system is an order of magnitude higher than
conventional energy supplied to city areas, by means of the grid
supply.

The efficiency of energy conversion depends mainly on the PV
panels that generate power. The practical systems have low overall
efficiency. This is the result of the cascaded product of several ef-
ficiencies, as the energy is converted from the sun through the PV
array, the regulators, the battery, cabling and through an inverter to
supply the ac load [10,11]. Weather conditions also influence the
efficiency, which depends non-linearly on the irradiation level and
temperature. For example, a cloud passing over a portion of solar
cells or a sub-module will reduce the total output power of solar PV
arrays. Under certain cloud conditions, the changes can be dramatic
and fast. Amethod is required to assess the cost of such fluctuations
and their effect on other systems to which a solar array may be
connected e.g. utility [12,13]. Several methods have been developed
to predict the solar PV array output power. An estimation method
used in Ref. [14] proposes that the power output of a PV system is
proportional to the insolation levels measured for the surface of a
solar cell at any angular position. Since power supplied by the solar
arrays also depends on temperature and array voltage, it is neces-
sary to draw the maximum power of the solar array. Various
techniques have been proposed and developed to maximize the
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List of symbols

PV photovoltaic
CSP concentrated solar power
WG wind generator
BIPV building-integrated photovoltaic
I PV array output current
V PV array output voltage
Ns number of cells connected in series
Np number of cells connected in parallel
T cell temperature
Id cell reverse saturation current
A ideality factor (pn junction)
Tc cell reference temperature
Eg band gap energy of the semiconductor used in the cell
Iph photo current
Iscr cell short circuit current at reference temperature and

radiation

Ki short circuit current temperature coefficient
S solar radiation in mW/m2

Q charge of an electron
K boltzman’s constant
P PV array power
P & O perturb and observe
MPOP maximum power operating point
MPPT maximum power point tracking
MPP maximum power point
VMPPT voltage based maximum power point tracking
CMPPT current based maximum power point tracking
PIC peripheral interface controller
RCC ripple correlation control
IncCond incremental conductance
DERs distributed energy sources
TEG thermoelectric generator
HEP hydroelectric plant
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output power [14e19]. The wide acceptance of a PV power gener-
ation depends on the cost and on the energy conversion efficiency.
Attempts have, however, been constantly made to improve sun
tracking system to increase the efficiency to make solar energy
attractive. In current technology condition, utilization of tracking
PV system is an optimum selection of enhancing system efficiency
and reducing cost.

This paper, therefore, deals with a state-of-the art discussion on
solar power generation, highlighting the analytical and technical
considerations as well as various issues addressed in the literature
towards the practical realization of this technology for utilization of
solar energy for solar power generation at reduced cost and high
efficiency. One hundred twenty-one publications [1e121] are
reviewed and classified in 6 parts.

2. Concept and benefits

2.1. Concept and feasibility studies

Becquerel [20] for the first time in 1839 discovered the photo-
voltaic effect. Later on in 1877, the photovoltaic effect in solid Se-
lenium was observed by Adams and Day [21]. Fritz in 1883
developed the first photovoltaic cell and its efficiency was less than
1% [22]. A paper on photovoltaic effect was published by Einstein in
1904 [21]. In 1927, a new type of photovoltaic cell was developed
using copper and semiconductor copper oxide. This device also had
an efficiency of less than 1% [20]. Ohl in 1941 developed the silicon
photovoltaic cell. Further refinement of the silicon photovoltaic cell
enabled researcher to obtain 6% efficiency in direct sunlight that
was further increased to 11% by Bell laboratories in 1954 [22]. In
1958, the Vanguard satellite employed the first practical photo-
voltaic generator producing a modest 1 W. In the 1960s, the space
program continued to demand improved photovoltaic power
generation technology. Scientist needed to get as much electrical
power as possible from photovoltaic collectors, and cost was of
secondary importance [23]. Later on, rapid depletion of conven-
tional energy sources, environmental concern, high energy demand
have forced the researcher to investigate the PV technology for
large scale energy generation and application both in stand-alone
and grid-connected (without storage) configuration. The latter
has been extensively investigated and has become the reference
model because it has appeared as the most feasible technical and
economical solution. Right from the start, the development has had
a dynamic and articulate characteristic and has been managed
both in R&D and demonstration fields with particular emphasis
on technical feasibility and cost effectiveness. The industrial
production has always looked at the actual dimension of the un-
assisted intermediatemarket as a reference that has allowed the PV
market to increase continuously [24]. Although, it is still relatively
an expensive technology, the costs for solar power are coming
down and markets are expanding [25]. Costs of production
have been reduced in recent years for more wide spread use
through production and technological advances, and are set to fall
further.

2.2. Benefits and applications

Solar energy has become a promising alternative source due to
its advantages: abundance, pollution free and renewability. Some of
the key advantages are: direct use of heat resulting from the ab-
sorption of solar radiation, direct conversion of light to electricity
through a simple solid-state device, absence of moving parts, ability
to function unattended for long periods as evident from space
program, modular nature in which desired currents, voltages and
power levels can be achieved by simple integration, low mainte-
nance cost, long effective life, high reliability, rapid responses in
output to input radiation changes, high power handling capabilities
from microwatt to kilowatt and even megawatt, high power to
weight ratio, which is more important for space applications than
terrestrial (may be favorable for some terrestrial application),
amenable to onsite installation, decentralized/dispersed power;
thus the problem of power distribution by wires could be elimi-
nated by use of solar cells at the site where the power is required.
They can be used with or without sun tracking, making possible a
wide range of applications. The major factors that limit the use of
solar energy for various applications is that, it is cyclic time-
dependent energy source. Therefore, solar system requires energy
storage to provide energy in the absence of insolation [26].
Comprehensive research and advancement in energy storage
technologies offers benefits for solar in energy application. There is
considerable work being done on fuel cell technology, which should
offer a cheaper and more efficient mechanism for storing energy.
Solar systems, which when not connected to the grid, store energy
in conventional lead acid battery. Similarly, hydrogen offers
considerable potential as a major power source, and tests are being
done to use solar to produce hydrogen as a power source [27].
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The use of solar energy is usually divided into two main areas:
solar thermal and solar electricity. The first uses the sun as a direct
source of heat energy and is most commonly used for supplying hot
water to houses and swimming pool. The solar electricity seeks to
convert light from the sun directly into electricity through a process
known as photovoltaic. Photovoltaic system may be categorized as
stand-alone photovoltaic system, photovoltaic system for vehicle
applications (solar vehicles), grid-connected photovoltaic system
and building systems.

The stand-alone system does not supply power to the grid. It
may vary widely in size and application ranging fromwrist watches
or calculators to remote building or spacecraft. Billinton and Karki
have presented a simulation method that provides objective in-
dicators to help system planners decide on appropriate installation
sites, selection of PV arrays or diesel units in capacity expansion and
optimum PV penetration levels when utilizing PV energy in small
isolated system [28]. A comparative study of the potential contri-
bution of solar electric power in form of photovoltaics to meet
future US energy demand with the projected volume of oil esti-
mated to be available in Artic National wildlife Refuge is presented
by Byrne et al. [29]. After publication of the results of this com-
parison, PV-based energy supply is more broadly considered in
relation to future energy supply from known US oil reserves as
means of gauging this technology relevance to the country’s energy
future. Knaupp and Mundschau in Ref. [30] have analyzed the solar
hydrogen systems regarding their usability as energy supply system
for high altitude platform. Themain attention during the analysis of
the whole solar-hydrogen energy system was directed to charac-
teristic of current or near term available technology. They have also
assessed the specific power/weight of photovoltaics, electrolyzer,
fuel cell and gas tanks, and their dependence on operation mode
and power range. Authors in Ref. [31] have developed a method-
ology for the optimal sizing of hybrid, stand-alone PV/WG system.
They have also discussed the selection criteria for commercially
available system devices, the optimal number and type of PV
modules, WGs and PV battery chargers, the PV module’s tilt angle
and the normal capacity. Friling et al. have presented a mathe-
matical modeling of the heat transfer of building integrated
photovoltaic modules [32]. A detailed analysis of gains and losses of
fully-integrated flat roof amorphous silicon photovoltaic plants is
reported in Ref. [33]. Hwang et al. have analyzed the maximum
electrical energy production based on the inclination and direction
of photovoltaic installations, and the effects of the installation
distance to the module length ratio [34].

Photovoltaic power generation has been most useful in remote
applications with small power requirements where the cost of
running distribution lines was not feasible. As PV power becomes
more affordable, the use of photovoltaics for grid-connected ap-
plications is increasing. However, the high cost of PV modules and
the large area they require continue to be obstacles to using PV
power to supplement existing electrical utilities. An interesting
approach to both of these problems is the integration of photo-
voltaics into building materials. Building-integrated photovoltaic
(BIPV) systems offer advantages in cost and appearance by incor-
porating photovoltaic properties into building materials such as
roofing, sizing and glass. When BIPV materials are substituted for
conventional materials in new constructions, the saving involved in
purchase and installation of the conventional materials are applied
to cost of the photovoltaic system. BIPV installations are architec-
turally more attractive than roof-mounted PV structure. The ma-
jority of photovoltaic power generation applications are remote,
off-grid applications. These include communication satellites,
terrestrial communication sites, remote homes and villages, and
water pumps. These are sometimes hybrid systems that include an
engine-driven generator to charge batteries when solar power is
insufficient. In grid-connected applications, dc power from solar
cells runs through an inverter and feeds back into the distribution
system. Grid-connected systems have proved their worth in natural
disasters by providing emergency power capabilities when utility
power was interrupted. Although, the PV power is generally more
expensive than utility-provided power, use of grid-connected sys-
tem is increasing [35,36]. The significant findings of the studiesmay
be summarized as follows [20e36]:

� Since power derived from PV energy sources depend on large
number of variables, application of appropriate probabilistic
techniques is essentially needed for realistic cost/adequacy
studies.

� It is wise to evaluate policy alternative that do not assume
energy status quo, in order to understand the true magnitude
of policy choice that is at stake as energy choice can be highly
affected by the policy decision.

� Short-term forecast of energy options are more suitable to
accurately project the tomorrow’s energy demands.

� In case of solar electric energy supply at high altitude,
depending on the airship size and shape, the required position
accuracy and peak wind speed frequency distribution, the total
electrical energy demand can be covered by a solar-hydrogen
energy system. However, there are challenges regarding
minimization of thermal effects through high absorption by
photovoltaic generator or the introduction of efficient active
measures for lifting gas temperature stabilization besides the
ongoing efforts for further mass reduction.

� In case of building integrated and ventilated photovoltaic
modules, the set-up including fins and high forced air velocity,
both in physical and mathematical sense has the best perfor-
mance. This results in the desired improvement in production
of electricity due to increased heat transfer from the PV mod-
ules and decrease in the temperature of PV module.

� In case of BIPV, a greater D/L (distance between panels, D to
length of the panel, L) ratio yields a greater amount of sunlight,
but it is not proportionate to the amount of power generated
due to a decrease in the area of power generation. Thus, it is
recommended to set the D/L ratio between 1 and 3 in consid-
eration of the required amount of power supply. The final de-
cision would depend on additional factor including system
price and visual elements.

� From an economical point of view, optimal configuration is
determined by the minimum of the cost function corre-
sponding to a loss of power supply probability equal to zero.

3. Modeling of photovoltaic cell

The semiconductor device that transforms solar light in elec-
trical energy is termed as ‘Photovoltaic cell’, and the phenomenon
is named as ‘Photovoltaic effect’. To size a solar PV array, cells are
assembled in form of series-parallel configuration for requisite
energy [37e39]. The electric power generated by a solar PV array
fluctuates depending on the operating conditions and field factors
such as the sun’s geometric location, irradiation levels and ambient
temperature [40,41]. A solar cell is a non-linear device and can be
represented as a current source model as shown in Fig. 1. The
current source Iph represents the cell photo current, Id is reverse
saturation current of diode, Rsh and Rs are the intrinsic shunt and
series resistance of the cell respectively. Usually the value of Rsh is
very large and that of Rs is very small, hence they may be neglected
to simplify the analysis. PV cells are grouped in larger units called
PV modules, which are further interconnected in a parallel-series
configuration to form PV arrays or PV generators. The typical IeV
characteristic of a PV array is given by the following equation [8]:
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Fig. 1. Simplified equivalent circuit of a photovoltaic cell.
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where, I is the PV array output current (A), V is the PV array output
voltage (V), Ns is the number of cells connected in series, Np is the
number of modules connected in parallel, q is the charge of an
electron, k is the boltzman’s constant, A is the pn junction ideality
factor, Id is the cell reverse saturation current, T is the cell tem-
perature. The factor ‘A’ determines the cell deviation from the ideal
pn junction characteristic; it ranges from 1 to 5, 1 being the ideal
value [42].

The cell reverse saturation current Id varies with temperature
according to the following equation [43]:

Id ¼ Ic½T=Tc�3exp
��

q
Eg
KA

��
1
Tc

� 1
T

��
(2)

where, Tc is the cell reference temperature, Ic is the reverse satu-
ration current at Tc, and Eg is the band gap energy of the semi-
conductor used in the cell. The photo current Iph depends on the
solar radiation and the cell temperature as given by:

Iph ¼ ½Iscr þ KiðT � TcÞ�½S=100� (3)

where, Iscr is the cell short circuit current at reference temperature
and radiation, Ki is the short circuit current temperature coefficient,
and S is the solar radiation in mW/cm2. The PV array power can be
calculated by:

P ¼ I*V

P ¼ NpIphV � NpIdV
�
exp

�
qV

KTANs

�
� 1

�
(4)

The maximum power point voltage Vmax can be calculated by
setting (dP/dV) ¼ 0, thus at maximum power operating point
(MPOP),

exp
�
qVmax
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���
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KTANs

�
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�
¼

�
Iph þ Id

�.
Id (5)

Solving Eq. (5), Vmax can be determined [42].
The PV cell output voltage is a function of the photo current that

is mainly determined by load current depending on the solar
irradiation level during the operation [44,45], and is given by:

V ¼
�
AKT
q

�
ln
h�

Iph þ Id � I
�.

Id
i
� RsI (6)

By making step variations in the solar radiation S and the cell
temperature T in Eqs. 1e5, the IeV and the PeV characteristics of
the PV array can be simulated. Ideally, a PV panel would always
operate at a voltage that produces maximum power. Such opera-
tion is possible, approximately, by using a maximum power point
tracker (MPPT). Without an MPPT, the PV panel operates at a point
on the cell IeV curve that coincides with the IeV characteristic of
the load. For evaluation of parameters in above equations, five in-
dependent pieces of information are needed. In general, these pa-
rameters are functions of the solar radiation incident on the cell and
the cell temperature. Reference values of these parameters are
determined for a given operating conditions and field factors. Three
currentevoltage pairs are normally available from the manufac-
tures standard rating conditions (SRC): the open circuit voltage,
short circuit current, and the voltage and current at the maximum
power point. A fourth piece of information can be obtained by
setting the derivative of the power at the maximum power point to
zero [41]. Hence,

dðIVÞ
dV

¼ Imp � Vmp
dI
dV

¼ 0 (7)

where, dI/dV is given by

dI
dV

¼
�Id
A

e
VmpþImpRs

A � 1
Rsh

1þ IdRs
A

e
VmpþImpRs

A þ Rs
Rsh

(8)

The temperature coefficient of open circuit voltage is given by

mVoc
¼ dI

dV
z
Voc;ref � Voc;T

Tc � T
(9)

To evaluate mVoc
numerically, it is necessary to know Voc,T, the

open circuit voltage at some cell temperature near the reference
temperature. The cell temperature, used for this purpose is not
critical since values of T ranging from 1 to 10 K above or below Tc
provide essentially the same result.

Nguyen and Lehman have proposed a modeling and computing
algorithm to simulate and analyze the effect of non-uniform
changing shadows (a passing cloud) on the output of the solar PV
array [12]. They have concluded that the model is able to determine
the power losses in each solar cell and the hot spots of a shaded
solar PV array as well as the PV output power. They have estab-
lished that the model is flexible enough to simulate solar PV arrays
with various configurations with or without bypass diode. In
Ref. [44], a simple method of tracking the maximum power points
and forcing the system to operate close to these points is presented.
The principle of energy conversion is used to derive the large- and
small signal model and transfer function. The simulation results
have been experimentally validated by the authors. Altas and
Sharaf [45] have developed a photovoltaic array simulation model
to be used in Matlab/Simulink GUI environment based on the cir-
cuit equations of the photovoltaic solar cells including the effects of
solar irradiation and temperature changes. Noguchi et al. in Ref.
[46] have reported a short-current pulse-based maximum-power
point tracking method for multiple photovoltaic-and-converter
module system. In Ref. [47], a novel maximum-power-point-
tracking controller for photovoltaic energy conversion system is
elaborated. Gonzalez-Longatt [48] has given a circuit based simu-
lation model to analyze the electrical behavior of PV cell for a given
temperature and irradiance. Results have also been compared with
points taken from the manufacturer’s published curve. A dc voltage
source model of a polycrystalline PV array in Matlab/Simulink has
been reported by Chowdhury et al. [49]. They have presented the
performance analysis under various loading and weather condi-
tions along with the application of the model to develop a load
shedding scheme for a stand-alone PV system. Authors have also
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Fig. 2. Block diagram of a typical photovoltaic system.
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given that the laboratory based cell characterization work can well
be utilized for developing simplified low-burden mathematical
model for different types of PV array, and will be immensely helpful
for simulation studies of distributed power systems andmicrogrids.
In Ref. [51], authors have presented a model-based PV performance
monitoring system with an on-line diagnosis function in Labview
environment. The collected data are compared with the estimated
ones that are obtained using a single-diode practical PV model.
Jiang et al. [52] have given an improved Matlab-Simulink simula-
tion model for solar PV cell, and have compared the results with
other existing models. They have also demonstrated the capability
of the model in accurately simulating the IeV and PeV character-
istics of the real PVmodule. The proposedmodel can also be used to
design and simulate solar PV system with different power con-
verter topologies and controllers including different MPPT control
methods. The noticeable findings based on the various studies
[8,13,37e53] made on modeling and analysis of PV systems are:

� Accuracy of the mathematical model of photovoltaic cell, and
hence the analysis can be improved by including into the
model, series and shunt resistance, temperature dependence of
photo current, and the dependence of diode saturation current.

� Accuracy of the model and the analysis can be further
improved by either introducing two parallel diodes with
independently set saturation current or considering the diode
quality factor as a variable parameter (instead of fixed at either
1 or 2).

� The open circuit voltage increases logarithmically with the
ambient irradiation.

� Short circuit current varies linearly with the ambient
irradiation.

� The increase in cell’s temperature causes linear decrease in the
open circuit voltage leading to decrease in cell efficiency.

� The increase in cell’s temperature causes slight increase in
short circuit current.

� Photo current and temperature have linear relationship.
� There is not significant degradation in PV cell performance
between full sun and cloudy conditions.

� The power output decreases almost linearly with incident solar
energy, but the efficiency is nearly flat over the region of
concern.

� The power output of solar cells depends on the absolute value
and special distribution of irradiance in the plane of solar cell
and cell’s temperature.

� Absolute value of direct normal irradiance increases with the
increase in atmospheric height.

� Energy output versus irradiation can provide a better com-
parison between different modules in case of high value of
fluctuation in daily irradiation.

� Maximum power decreases with the increase in diode quality
factor.

� For extracting maximum power from solar cell, value of series
resistance should be kept minimum.
4. Photovoltaic system for power generation

A basic photovoltaic system integrated with utility grid is shown
in Fig. 2. The PV array converts the solar energy to dc power, which
is directly dependent on insolation. Blocking diode facilitates the
array generated power to flow only towards the power conditioner.
Without a blocking diode, the battery would discharge back
through the solar array during low insolation. Power conditioner
contains a maximum power point tracker (MPPT) [14,15,54,55], a
battery charge and a discharge controller. The MPPT ensures that
the maximum power generated by the solar PV array is extracted at
all instants while the charge discharge controller is responsible for
preventing overcharging or over discharging of the battery bank
required to store electricity generated by the solar energy during
sunless time. In simple PV systems, where PV module voltage is
matched to the battery voltage, use of MPPT electronics is generally
considered unnecessary, since the battery voltage is stable enough
to provide near-maximum power collection from PV module. A
stand-alone system does not have a connection to the grid.

In recent years, extensive research in form of experimental as
well as simulation studies are being carried out on the application
of PV systems as distributed energy sources (DERs) to harness po-
wer from the non-conventional energy sources with low environ-
mental impacts. Borowy et al. have presented their work on the
optimum sizing of a PV array for stand-alone hybrid/PV system
[56]. A simple model to minimize the life cycle cost of a hybrid
power system consisting of a solar PV array, engine generator and
battery is given in Ref. [57]. Mendez et al. have studied the appli-
cability of autonomous photovoltaic systems in supplying power to
remote isolated villages in Morocco [58]. Wies et al. have carried
out the economic analysis and environmental impact assessment of
integrating a photovoltaic array into diesel electric power systems
for remote villages [59]. A survey of PV hybrid system in Thailand
during the last decade regarding to status of technology, perfor-
mance in terms of technical and economic aspects and their pros-
pects is given in Ref. [60].

Simulation or analytical studies mainly involve development of
robust mathematical models for PV arrays as DERs which can be
further utilized for the analysis of hybrid power systems. Russell
has presented the accurate flexible PV array and inverter models to
analyze the performance of PV system, and has addressed the is-
sues, which are important to designers and manufacturers [61].
King et al. have developed a Microsoft Windows based electrical
simulationmodel for photovoltaic cell, modules and arrays that can
be used to analyze individual cells, to analyze the effects of cell
mismatch or reverse bias heating in modules, and to analyze the
performance of large arrays of modules including bypass and
blocking diodes [62]. Gow and Manning have reported the devel-
opment of an effective system to characterize polycrystalline PV
cells and generated the device dependent data that provides a link
between the environmental variables such as irradiance and tem-
perature, and the electrical characteristics of the device [63]. A
computer simulation model able to demonstrate the cell’s output
features in terms of irradiance and temperature environmental
changes have been given by Chenni et al. They have also tested the
model to simulate three popular type of photovoltaic panels con-
structedwith different materials like copper indium diselenide thin
film, multi-crystalline silicon and mono-crystalline silicon [64].
Karatepe et al. have demonstrated a PV model taking into consid-
eration the effects of bypass diodes and the variation of the
equivalent circuit parameters with respect to operating conditions.



G.K. Singh / Energy 53 (2013) 1e136
Model is accurate enough to provide sufficient degree of precision
and can be used for solar cell based analysis to study the large scale
PV arrays without increasing the computational time [65]. The
various studies made on photovoltaic system for power generation
[14,15,29,30,54e71] reveal that:

� Geographical location has a strong impact on the level of reli-
ability obtained by utilizing PV in small isolated power systems
(SIPs) and the economical benefits from the fuel offsets.

� Inherent atmospheric characteristics of the system geograph-
ical location dictate the planning and operational decisions for
PV backed SIPs contrary to conventional systems.

� The effect of local climate conditions on the temperature of
module is significant and hence, affects the electrical energy
generation.

� The size of the incentive, cost of residential solar PV, electrical
energy price, and solar insolation decide the strength of the
solar renewable energy credit policy.

� It is important to model the solar photovoltaic system to
optimize system design, to improve reliability of projected
outputs to ensure favorable project financing and to facilitate
proper operation and maintenance.

� Precise near-term forecasting of system production for use in
grid-integration, and for smart and micro grid development
can be made using Regression analysis.

� Regression modeling can also be used for prediction of PV
system health, and thus to identify cell and module failures in a
system.
5. Hybrid solar power system

Many experts believe that it is not possible for one single
alternative renewable energy source to replace the conventional
energy source (fossil fuels), but rather a combination of different
types of clean energy source will be required instead. Such system
is called hybrid system. A hybrid system combines PV with other
forms of generation, usually a diesel generator. Biogas is also used.
The other forms of generation may be a type able to modulate
power output as a function of demand. However, more than one
renewable form of energy may be used e.g. wind. The photovoltaic
power generation serves to reduce the consumption of non-
renewable fuel. Gabler et al. [72] have carried out the simulation
study of a wind-solar hybrid electrical supply system. They have
also studied the influence of system parameters such as size of
different converters, and battery capacity on the renewable frac-
tions and the energy payback time of the whole system. An opti-
mization procedure of a hybrid photovoltaic wind energy system is
presented by Habib et al. [73]. Elhadidy in Ref. [74] has studied the
feasibility of using hybrid (wind-solar-diesel) energy conversion
systems at Dhahran to meet the energy needs of a group of 20
typical two-bedroom family houses. Author has also addressed the
energy generated by the hybrid systems of different component
(wind farm capacity, PV area, and storage capacity). The deficit
energy to be generated from the back-up diesel generator (in
addition to wind plus solar plus battery) and the number of oper-
ational hours of the diesel system to meet a specific annual elec-
trical energy demand are also presented. Authors in Ref. [75] have
reported the test results on a hybrid solar system, consisting of
photovoltaic modules and thermal collectors (hybrid PV/T system).
Ai et al. in Ref. [76] have presented a complete set of match
calculation methods for optimum sizing of PV/wind hybrid system.
In this method, practical mathematical models for characterizing
PV module, wind generator, and battery are adopted. Authors have
concluded that according to local hourly measured meteorological
data, load demand, characteristic and price of the components, and
reliability requirement of power supply, the optimum configura-
tion, which meets the load demand with minimum cost, can be
uniquely determined by this method. Robles-Ocampo et al. have
constructed and studied an experimental model of a bifacial
PV/Thermal hybrid system. To make use of both active surfaces of
the bifacial PVmodule, authors have designed andmade an original
water-heating planar collector and a set of reflecting planes. The
heat collector was transparent in the visible and near-infrared
spectral regions which makes it compatible with the PV module
of crystalline Silicon [77]. Kaldellis et al. [78] have investigated the
possibility of using either a wind power or a photovoltaic driven
stand-alone system to meet the electricity demand of typical
remote consumer’s location in different places in Greece. A detailed
energy analysis for both wind and solar driven stand-alone system
is also presented including the system battery depth discharge
time-evolution. In Ref. [79], a hybrid energy system combining
variable speed wind turbine, solar photovoltaic and fuel cell gen-
eration system to supply continuous power to residential power
applications as stand-alone loads is presented by Ahmed and
others. Three individual dcedc boost converters are used to control
the power flow to load. A simple and cost effective control with dce
dc converters is used for maximum power point tracking and
hence, for maximum power extracting from the wind turbine
and the solar photovoltaic systems. Saheb-Koussa et al. [80]
have reported the technical-economic optimization study of a
photovoltaic-wind-diesel hybrid system with battery storage in
Algeria. The primary aim of the study was to estimate appropriate
dimension of the stand-alone hybrid system that guarantees the
energy autonomy of typical remote consumer with lowest cost of
energy. Secondary aim was to study the impact of renewable
energy potential quality on the system size. In Ref. [81], Sopian
et al. have discussed the performance of an integrated PV-wind
hydrogen energy production system consisting of photovoltaic
array, wind turbine, PEM electrolyzer, battery bank, hydrogen
storage tank, and automatic control system for battery charging
and discharging conditions. Mathematical model for each compo-
nent in the system has also been developed, and the results were
validated experimentally. Margeta and Glasnovic have presented
the analysis of a solar-hydro power hybrid system that can provide
continuous electric power and energy supply to its consumers.
They have developed a mathematical model for selecting the
optimal size of the PV power plant as the key element for esti-
mating the technological feasibility of the overall solution. Sensi-
tivity analysis (parameter analysis) has also been carried out by the
authors in which, local climate parameters like solar radiation, air
temperature, reservoir volume, total head, precipitation, evapora-
tion and natural water inflow were varied [82]. Davidsson et al.
have developed and evaluated a building integrated multi-
functional PV/T solar window. They have introduced tiltable re-
flectors in construction to focus radiation on to the solar cells. The
insulated reflectors also reduce the thermal losses through the
window [83]. Bekete and Palm [84] have investigated the possi-
bility of supplying electricity from a solar-wind hybrid system to a
remote area detached from the main electricity grid in Ethiopia.
Based on the findings of the studies into energy potential, a feasi-
bility study has also been carried out by the authors on how to
supply electricity to a model community equipped with school and
health post of 200 families with 1000 people in total. The electric
load consists of primary and deferrable types, and comprises
lighting, water pumps, radio receivers and some clinical equip-
ments. In Ref. [85], a methodology for the optimal sizing of desa-
lination systems, power supplied by photovoltaic modules and
wind generators is presented by Koutroulis and Kolokotsa. They
have derived the optimal number and type of units amongst a list of
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commercially available system devices, such that the 20-year round
total system cost is minimized, while simultaneously the con-
sumer’s water demand is completely covered. Genetic Algorithm
has been used for the total cost function minimization. Notton et al.
[86] have determined the optimal dimensions of a stand-alone
wind/PV hybrid system that guarantees the energy autonomy of a
typical remote consumer. Kosmadakis and others have carried out
the feasibility study and economic analysis of a CPV/thermal system
coupled with an organic Rankine cycle for increased power gen-
eration. In the system analyzed by the authors, a pump drives the
organic fluid of the cycle, which is evaporated in the tubes of the
CPV/T, and driven to an expander formechanical power production.
Authors have stated that for the condensation of organic fluid, any
of the several possible alternatives can be used. That way, the PV
cells can be cooled efficiently, and increases their electrical effi-
ciency, while the reservoir heat is designated to produce additional
electrical energy through the organic Rankine process, when the
expander of the Rankine engine is coupled to the generator [87]. In
a paper by Cherif and Belhadj [88], energy and water production
estimation on a large-scale time from photovoltaic-wind hybrid
system coupled to a reverse osmosis desalination unit in Southern
Tunisia have been discussed. Double stage configuration in the
desalination process using spiral modules is adopted extensively
and validation of the steady-state model is presented. Authors in
Ref. [89] have discussed a new type of renewable energy sources
(RES) suitable for exploiting water coursewith potential-temporary
water flow. The system consists of hydro-electric plant (HEP) and
solar photovoltaic generator working together as one hybrid power
plant, producing green energy with the same characteristics as
classical hydroelectric plant. The main objective of this hybrid so-
lution was to achieve optimal renewable energy production in or-
der to increase the share of RES in an electricity power system.
Authors have concluded that the application of such hybrid systems
would increase the share of high quality RES in energy systems.
Margeta and Glasnovic [90] have described the possibility of real-
ization of the sustainable energy supply by hybrid PV-PSH power
plants (pump storage hydroelectric). The stress was on the use of
solar and hydro energy (two classical natural energy sources). Solar
energy is used for generation of hydro energy potential (artificial
water flow in upper water/energy storage). By integration with
natural water sources, the typical power plant becomes more
productive that otherwise are not economically viable because of
large seasonal fluctuations (temporary rivers), hydro energy ca-
pacities increase and productivity of PV generator in an electric
power system. In Ref. [91], Bekele and Boneya have given the design
of a hybrid electric power generation system utilizing both wind
and solar energy for supplying model community living in Ethiopia
remote area. Vick and Neal [92] have analyzed the off-grid wind
turbine and solar photovoltaic array water pumping system to
determine the advantages and disadvantages of using a hybrid
system over a wind turbine or a solar PV array alone. Chavez-
Urbiola et al. in Ref. [93] have analyzed a solar hybrid system
with thermoelectric generator. In Ref. [94], Kaldellis and Zafiralcis
have presented a study for optimal sizing of stand-alone wind-
photovoltaic hybrid systems for representative’s wind and solar
potential cases of the Greek territory. In this context, the main
target of the work was to estimate the approximate size of similar
system, so as to meet the energy requirement of typical remote
consumers under the criterion of minimum first installation cost.
The important findings of these works [72e94] are summarized as:

� The total efficiency of the system in solar-thermal hybrid sys-
tems can be improved by employing suitable cooling
arrangement. Further improvement in the system performance
can be achieved by providing an additional glazing to increase
thermal output, a booster diffuse reflector to increase electrical
and thermal output, or both, thus giving flexibility in the sys-
tem design.

� The use of bifacial PV modules enhances the electrical energy
production with PV-thermal solar hybrid systems.

� In regions with high or mediumehigh wind potential, wind
driven systems are definitely the best solutions including
preliminary cost aspects. In most of the other situations,
photovoltaic driven installations use smaller batteries and may
even have a substantial initial cost advantage.

� System power reliability under varying conditions and the
corresponding system cost are the two main factors for
developing a hybrid solar-wind power generation system.

� Optimal solar/wind ratio that results in the minimum capital
cost is approximately 70%.

� The fluctuating output power of wind turbine and solar
photovoltaic generators affects the system frequency. One of
the existing methods to solve these issues is to install batteries
that absorb power from wind turbine generators. The other
method is to install dump loads to dissipate fluctuating power.
However, these methods are expensive and not effective, and
cannot guarantee continuous power flow to the load.

� A solar photovoltaic, wind turbine and fuel cell hybrid gener-
ation system is able to supply continuous power to load. In this
system, the fuel cell is used to suppress fluctuations of the
photovoltaic and wind turbine output power. The photovoltaic
and wind turbines are controlled to track the maximum power
point at all operating conditions.

� The principal advantage of solar-wind-diesel hybrid system is
the enhancement of system reliability when the solar, wind
and diesel power production are used together. Additionally,
the size of the battery storage is reduced due to less reliance on
one method of power production.

� In case of solar-hydro hybrid system, it has been established that,
apart from total head (which is to be expected), solar radiation,
hydro accumulation size and natural water inflow have the
biggest impact on the calculated power of the PV power plant.

� Use of a reflector for focusing radiation on to the PV cells re-
duces the cost of solar electricity, thus allowing expensive PV
cells to be replaced by considerably cheaper reflector material.

� The total cost of the desalination system is highly affected by
the operational characteristics of the devices comprising the
system, which affect the degree of exploitation of the available
solar and wind energy potential.

� In order to achieve high energy availability through hybrid PV-
wind energy system as required in some applications like
lighting, remote area electrification and telecommunications, it
becomes necessary to oversize the rating of the generating
system. High availability of energy can also be ensured by the
use of hybrid system with combination of two or more
renewable energy source.

� In general, the fluctuations of solar and/or wind energy gen-
eration do not match the time distribution of the load demand
on a continuous basis. But a suitable combination of these two
random sources can be used to achieve a high availability and
reduction in the energy storage size resulting in a lower elec-
tricity generation cost. Nevertheless, the amalgamation of such
a hybrid system is accompanied by design problem such as
choice of the correct size of each component, and the economic
optimization of kWh production cost.

� The sizing and the profitability of wind-PV hybrid system for
remote applications are greatly influenced by solar and wind
energy resource characteristics.

� The use of Thermo Electric Generator (TEG) in hybrid concen-
trating system with crystalline silicon solar PV module
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operating at high temperature enhances the thermal stability
of system’s electrical efficiency reducing its loss with an in-
crease of temperature.

� TEG based system with concentration of the radiation passing
through PV module will be efficient and economic, if new type
of PV modules are developed, based on semiconductors with
band gap essentially larger than that in CeSi used in major part
of today’s commercial PV modules and having neither ab-
sorption nor scattering of photons with energies below the
band gap.
6. Maximizing the output power

Power supplied by solar arrays depends upon the insolation,
temperature and array voltage. It is also the function of the product
of voltage and current. By varying one of these two parameters;
voltage or current, power can be maximized. To achieve this aim,
apart from using electromechanical fixtures such as fixed, single or
double axis trackers that track the direction of the sun [95e105],
certain electronic circuits are also used to ensure operation of the
PV source at the maximum power point during different environ-
mental conditions. Such electronic instruments are essentially dc to
dc converters called maximum power point trackers (MPPT). It
ensures that the PV array provides the correct amount of current for
operation at the MPP so that the load is always supplied with the
maximum possible power generated under the given atmospheric
conditions. Relatively a high cost MPPT is a viable option in high
power systems where the cost of the gain in power is higher as
compared to the price of the MPPT unit. Several MPPT methods
exist in order to maximize the output power and to fix its value, in
steady-state, at its high level. These techniques [8,11,44,106e116]
are: Hill Climbing/Perturb and Observe (P&O), Incremental
Conductance (IncCond), Parasitic Capacitance, Voltage based peak
power tracking (VMPPT), Current based peak power tracking
(CMPPT), Fractional open circuit voltage, Fractional short circuit
current, Fuzzy logic control, Neural network, Ripple correlation
control (RCC), Current sweep, DC link capacitor droop control, load
current or load voltage maximization and dp/dV or dp/dI feed back
control.

Roth et al. [95] have designed an electromechanical system to
follow the position of the sun. It operates automatically guided by a
closed loop servo system; and has a facility for automatic mea-
surement of direct solar radiation. A four quadrant photo detector
senses the position of the sun and two small dc motors move the
instrument platform keeping the sun image at the centre of the
four-quadrant photo detector. Under cloudy conditions, a
computing program calculates the position of the sun and takes
control of themovement, until the detector can sense the sun again.
They have also concluded that it can be used to work with larger
installations like solar cell panels, concentrators etc. In Ref. [96],
authors have explained the design and construction of a two axis
sun tracking system. The programming method of control was used
for control of the sun tracking system. It is shown that the two axis
tracker results in an increase in total daily collection of 41.34% as
compared with that of tilted 320 fixed surfaces. Experimental re-
sults showing the effect of using different type of sun tracking
systems on the voltage current characteristics and electrical power
generation of flat plate photovoltaic are given in Ref. [97]. It is
shown that there was an increase in electrical power gain. A hybrid
tracking system that consists of a combination of open loop tracking
strategies based on solar movement models and closed loop stra-
tegies using a dynamic feed-back controller is reported by Rubio
et al. [98]. They have also taken into account the energy saving
factors. The results were verified experimentally and compared
with classical open-loop tracking strategy. A solution for increasing
the energy efficiency of the photovoltaic system using mechanical
tracking system is given in Refs. [99,100]. The key idea was to
minimize the energy gained through orientation, and to minimize
the energy consumption for tracking the sun path. The optimization
was made by reducing the angular revolution field of the panel, and
consequently operating time of the motor, without significantly
affecting the incident radiation. Nabulsi et al. [101] have reported
the design and implementation of a two-axis stand-alone rotary
sun tracker. The aim of the work was to analyze the effects of
introducing both physical sun tracking system and MPPT on PV
system’s efficiency in the Gulf region. Astronomical method was
used to determine the position of the sun. The sun azimuth and
elevation angles were continuously updated throughout a day with
the help of digital signal processor. P&O method was to keep the
system power operating point at its maximum value. In Ref. [102],
researchers have developed the prototype of a two axis solar
tracking system based on PIC (Peripheral interface controller) mi-
crocontroller. The parabolic reflector was constructed around two
feed diameter to capture the sun’s energy. The design of parabolic
reflector and the gear was carefully considered and precisely
calculated in this system. In Ref. [103], the principles and key
technologies of automatic sun tracking control system in PV gen-
eration have been introduced to operate reliably in poor environ-
ment for a long time. Authors in Ref. [104] have discussed the two-
axis sun tracking system to maximize the electrical energy pro-
duction of the photovoltaic system considering the tracking system
power consumption. A stochastic search algorithm called as dif-
ferential evolution was used as optimization tool. Experimental
validation of a probabilistic model for estimating the double axis PV
tracking energy production is reported in Ref. [105]. They have
analyzed the two components of the global efficiency that is the
effect of PV cells’ temperature on the module efficiency and the dc/
ac converter efficiency. Simulation results were also verified
experimentally. Enslin Ref. [106] has described an industrialized
MPPT regulator. Author has also performed some simple cost
analysis, and concluded that MPPT techniques, even for smaller
remote area power supply (RAPS), can be implemented economi-
cally, and in some cases are necessary to size the RAPS accurately.
Maximum power point tracking is achieved through optimized Hill
climbing, expensive microprocessor based algorithm. Hussein et al.
in Ref. [8] have studied various techniques followed in tracking the
maximum power operating point of PV arrays with particular
reference to P&O technique. The drawbacks of the P&O algorithm,
especially in case of rapidly varying atmospheric conditions are
discussed and analyzed. Authors have discussed the IncCond algo-
rithm based on the fact that the array terminal voltage can always
be adjusted towards Vmax by comparing the incremental and
instantaneous conductance of the PV array. Hua and others in Ref.
[44] have reported the implementation of a DSP-controlled
photovoltaic system with peak power tracking. The principle of
energy conversion was used to derive large- and small- signal
model and transfer function. It has been shown that the drawbacks
of the state-space-averagingmethod can be overcome. In Ref. [107],
mathematical modeling and performance evaluation of a stand-
alone polycrystalline PV plant with MPPT facility under various
loading and weather conditions is given. The authors also felt that
the laboratory based cell characterization work can well be utilized
for developing simplified low burden mathematical models for
different types of PV arrays, and will be immensely helpful for
simulation studies for distributed power system and microgrids. A
comparative study of MPPT algorithm using an experimental pro-
grammable microprocessor controlled test bed is described in Ref.
[108]. It is concluded that though the Incremental conductance
method is able to provide marginally better performance, the
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increased complexity of the algorithm will require more expensive
hardware, and therefore, may have an advantage over P&O only in
large PV arrays. In Ref. [109], a detailed theoretical and experi-
mental study of photovoltaic systems with voltage and current
based MPPT is presented. A microprocessor controlled tracker
capable of online voltage and current measurement and pro-
grammed with VMPPT and CMPPT algorithms is developed. Water
pump and resistance were taken as a load. As stated by the authors,
the main advantage of the proposed MPPT is the elimination of
reference (dummy) cells which results in a more efficient, less
expensive and more reliable PV system. An adaptive P&O algorithm
to improve the efficiency of PV systems has been proposed in Ref.
[11]. The algorithm has been set up to reduce the main problems
that arise in utilizing traditional P&O algorithms. The basic principle
of the proposed algorithm is to adapt the perturbation amplitude to
the actual operating conditions. Large perturbation amplitude is
chosen far from the maximum while small ones are used in prox-
imity to the maximum. The algorithm has been validated by means
of numerical simulations, considering the PV panels that have been
experimentally identified and characterized. Esram and Chapman
[110] have reported a detailed comparative study of various tech-
niques for maximum power point tracking of photovoltaic arrays.
Authors have identified 19 distinct methods available in literature,
and have critically examined each and every technique. They have
also provided the basis for selection of appropriate technique,
which can best suit the application needs. Researchers in Ref. [111]
have proposed a sliding mode observer for the estimation of solar
array current in grid-connected PV system. The said observer has
been constructed from the state equation of the system, and the
convergence of the error system is proved using equivalent control
concept. Using the proposed observer, the robust tracking perfor-
mance against parameter variations and uncertainties has been
verified by simulation and experimental results. It has been
concluded that the proposed system is able to reduce the expensive
current sensor, and shows superior performance than the conven-
tional system. A novel method for maximum power point tracking
is presented in Ref. [112]. Themethod combines fuzzyMPPTwith an
appropriately design FCN (Fuzzy Cognitive Network) to speed up
the procedure of reaching the accurate MPPT of a PV array under
varying environmental conditions. It is concluded that due to the
existence of the FCN, the method can track and adapt to any
physical variations of the PV array through time. Mutoh et al. [113]
have described a method for maximum power point tracking con-
trol while searching for optimal parameters corresponding to
weather conditions at that time. In the proposed method, the
optimal current reference needed to converge the output current on
the optimal operating point of the production line is determined by
dividing PeI characteristics into two control fields using two
properties, i.e. linear relationship satisfied between the maximum
power and the optimal current, and the short circuit current and the
optimal current. In this case, the voltage coefficient of the predic-
tion line was identified using the Hill climbing method in order to
compensate for temperature changes of solar panels. The effec-
tiveness of the method was verified through experiments under
various weather conditions. A stability analysis for an MPPT scheme
based on extremum-seeking control is developed in Ref. [114] for a
PV array supplying a dcedc switching converters. The global sta-
bility is demonstrated by means of Lyapunov’s approach. Subse-
quently, the algorithm is applied to an MPPT system based on the
P&O method. The tracking algorithm leads the array coordinates to
maximum power point by increasing or decreasing linearly the
array voltage with time. Experimental validation of the scheme
under different operating conditions is also presented by the au-
thors. In Ref. [115], the problem of optimization of the P&O strategy
for PV MPPT is given. In this work, the classical constant duty cycle
perturbation is replaced by variable duty cycle, which linearly re-
duces with the increase in power drawn from the PV field. Simu-
lation results are verified through experimental measurements.
Mutoh et al. [116] have discussed a control method charging series-
connected ultra electric double layer capacitors (ELDCs) suitable for
photovoltaic generation systems combining MPPT control method.
The MPPT control has been performed based on the fact that is
linear relationship between the maximum power and the optimi-
zation current giving its maximum. The linearity was satisfied even
if the solar radiation was changed as long as the temperature of the
solar arrays was kept constant. When the temperature changed, the
proportionality factor was corrected by a suitable value determined
through the Hill-climbing method. EDLC charge control has been
performed with the three charge mode: constant current charge
mode, constant power charge and the constant voltage charge
mode; while supervising the maximum voltage and allowable
temperature of each series-connected EDLC. The effectiveness of
the method has been verified analytically and experimentally. The
performance of the solar PV array is strongly dependent on oper-
ating conditions and field factors, such as sun geometric locations,
its irradiation levels of the sun and the ambient temperature. A
cloud passing over a portion of solar cells or a sub module will
reduce the total output power of solar PV arrays. Under certain
cloud conditions, the changes can be dramatic and fast [117]. A
method proposed by several authors [117,118] measure the changes
in solar insolation over a 1 min time interval. With the help of this
method [119], solar insolation values may be measured in the
horizontal plane and subsequently used to calculate insolation
levels for any desired angle. A shadowed solar cell acts like a load
because it dissipates input current. In the presence of shadows, a
solar cell will heat up and develops a hot spot where there is no
exposure to sunlight. To reduce the overall effect of shadows, bypass
diodes are connected across the shaded cells to pass the full amount
of current while preventing damage to solar cell [120]. Thus pre-
dicting the electrical characteristics of a solar PV array when
experiencing passing clouds, is rather complex [121]. The noticeable
findings [8,11,44,95e121] are:

� Dual axis tracking in conjunction with MPPT gives better
improvement in system efficiency.

� Peripheral interface controller (PIC) based systems are cost
effective and easy to maintain. Installation and operation of PIC
based system is simple. It requires less number of electronic
circuit components, and possesses low power consumption
rate.

� An efficient and cost effective tracking system can be designed
and developed with the help optimization technique based on
the minimization of angular field for daily motion and mini-
mization of the operating time. In this way, performance of the
system can be predicted much earlier in the design cycle of the
tracking system. This allows more effective and cost efficient
design changes and reduces the overall risk substantially.

� The circuit implementation of microprocessor based MPPT
with two loop control is very complex.

� Regulation of output power by changing the number of batte-
ries needs extra hardware circuit.

� The method, which uses only an output current measurement
by neglecting the variation in output voltage, simplifies the
control circuits. However, this approach does not track the
maximum power points rapidly.

� Classical P&O technique and its variant suffers from the lack of
a solution for addressing the situation of drift. Incremental
Conductance method can eminently address this issue.

� It also suffers from oscillation of the operating point around the
MPP resulting in loss of power.
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� It has slow or impeded response during changing atmospheric
conditions due to fixed search step size. It can be alleviated by
the introduction of variable search step methods.

� It has tendency of the operating point drifting towards the
wrong direction.

� The failure of the P&O algorithm to follow rapidly varying at-
mospheric conditions is due to its inability to relate the change
in the PV array power to the change in atmospheric conditions.

� In P&O method with DSP-based controller, maximum power
tracking can be achieved rapidly and accurately by increasing
the sampling frequency.

� Incremental conductance method is able to provide marginally
better performance as compared to P&O. But the increased
complexity of the algorithm will require more expensive
hardware, and therefore, may have an advantage only in the
large PV arrays.

� Both VMPPT and CMPPT techniques are fast, practical and
powerful methods for maximum power point estimation of PV
generator under all insolation and temperature conditions. The
resulting output power is increased. The increase in output
power depends on load characteristics, environmental factors
(insolation and temperature), and the type of tracker used.

� Both types of trackers may be used either with buck-or boost-
type converters depending on the load characteristics.

� VMPPT technique is naturally more efficient and has less circuit
losses (especially for buck-mode trackers).

� Online measurement of PV short circuit current and output
current make CMPPT hardware more complicated and expen-
sive compared with (same rating) VMPPT circuitry, requiring
voltage measurement only.

� The linear current function used by the CMPPT technique is a
more accurate approximation of the actual non-linear PV
characteristics compared with the linear voltage function of
the VMPPT techniques.

� VMPPT system gives better overall performance in terms of
cost, efficiency and noise in case of PV loads, which require
low-voltage and high current outputs (i.e. battery chargers and
low-resistance loads).

� Both types of trackers VMPPT or CMPPT are suitable for PV
loads with high voltage and low current (motors and high
resistance loads), but the VMPPT techniquewill result in simple
hardware with higher efficiency and lower noise and cost.

� Hill climbing involves a perturbation in the duty ratio of the
power converter, where as in P&O, a perturbation in the
operating voltage of the PV array is involved.

� Incrementing the voltage increases the power when operating
on left of MPP and decreases the power when operating on
right of the MPP. Hence, if there is an increase in power, the
subsequent perturbation should be kept the same to reach the
MPP and if there is a decrease in power, the perturbation
should be reversed.

� Oscillation in Hill climbing and P&O can be minimized by
reducing the perturbation step size. However, a smaller
perturbation step size slows down the MPPT. A variable
perturbation size is a solution to this conflicting situation
(smaller step size towards the MPP).

� Hill climbing and P&Omethods can fail under rapidly changing
atmospheric conditions.

� In incremental conductance method, the increment size de-
termines how fast the MPP is tracked. Fast tracking can be
achieved with bigger increments but the system might not
operate exactly at MPP and oscillate about it instead, so there is
a trade off.

� MPPT fuzzy logic controllers perform well under varying at-
mospheric conditions. However, their effectiveness depends a
lot on the knowledge of the user in choosing the right error
computation and coming with the rule based table.

� In MPPT neural network controllers, since most PV arrays have
different characteristics, a neural network has to be specifically
trained for the PV array with which it will be used. The char-
acteristic of the PV array also changes with time, implying that
the neural network has to be periodically trained to guarantee
accurate MPPT.

� When PV array is connected to a power converter, the
switching action at the power converter causes voltage, current
and power ripple on the PV array.

� MPPT techniques, which require array reconfiguration in
different series and parallel combinations such that the
resulting MPPs meet specific load requirements are time
consuming.

� State-based MPPT techniques is robust and insensitive to
changes in system’s parameters and the MPPT is achieved even
with changing atmospheric conditions and in the presence of
multiple local maxima caused by partially shaded PV array or
damaged cell.

� Partial shading of the PV array(s) causes multiple local maxima
that affect the proper functioning of an MPP tracker. This leads
to considerable power loss.

� The number of sensors required to implement MPPT also af-
fects the decision process. In majority of applications, it is
easier and convenient to measure voltage instead of current.
Moreover, current sensors are usually expensive and bulky, and
their use might be inconvenient in system that consists of
several PV arrays with separate MPP trackers. In such cases, it is
wise to use MPPT methods that need only one sensor or that
can estimate the current from voltage.

� Though in Fractional Voc MPPT technique, the PV array tech-
nically never operates at MPP, but it is less expensive and easy
to implement as it does not necessarily require DSP or micro-
controller control. Partial shading adds to the implementation
complexity and results in more power loss.

� In fractional short circuit current method, it is difficult to
measure Isc during operation. An additional switch usually has
to be added to the power converter to periodically short the PV
array so that Isc can be measured using current sensors. This
increases the number of components and cost. Power is not
only reduced when finding Isc but also because the MPP is
never perfectly achieved.

� In fractional open circuit voltage method, the PV array tech-
nically never operates at MPP. Depending on the application of
the PV system, this may be acceptable sometimes. Even if
fractional Voc is not a true MPPT technique, it is very easy and
economical to implement as it does not necessarily require DSP
or microcontroller control.
7. Conclusion

Solar energy will play an increasing important role in a future
where reducing the dependence on fossil fuels and addressing
environmental issues are a priority. The energy technology sector is
experiencing marked change from its traditional architecture of
large-scale, centralized supply systems that take advantage of sig-
nificant economies of scale. PV certainly fits this trend. Thus
traditional cost comparisons based on large bulk power market
may be misleading. PV is likely to pioneer the development of a
new energy service market in which technology does not simply
supply energy but must instead meet the demand for such services
as energy management, back-up or emergency power, environ-
mental improvements and fuel diversity.



G.K. Singh / Energy 53 (2013) 1e13 11
Energy generation from photovoltaic technology is simple,
reliable, available everywhere, in-exhaustive, almost maintenance
free, clean and suitable for off-grid applications. But, photovoltaic
efficiency and manufacturing costs have not reached the point that
photovoltaic power generation can replace conventional coal-, gas-,
and nuclear-powered generating facilities. For peak load use (no
battery storage), the cost of photovoltaic power is much more than
conventional power (cost comparisons between photovoltaic po-
wer and conventionally generated power are difficult due to wide
variations in utility power cost, sunlight availability, and numerous
other variables). Substantial progress has been made in the area of
solar power generation and application covering analysis, simula-
tion, and hardware development and testing for efficiency maxi-
mization and cost minimization. However, many problems and
issues, especially those related to the development of affordable,
inexhaustible and clean solar energy technologies for huge longer-
term benefits, and a broad range of policies needed to unlock the
considerable potential of solar energy still need to be addressed for
appropriate system planning and operation of the power system to
supply a good quality and reliable electric power.
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