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MPPT of PV Systems Under Partial Shaded
Conditions Through a Colony of Flashing Fireflies

Kinattingal Sundareswaran, Sankar Peddapati, and Sankaran Palani

Abstract—This paper reports the development of a maximum
power-point tracking (MPPT) method for photovoltaic (PV) sys-
tems under partially shaded conditions using firefly algorithm. The
major advantages of the proposed method are simple computa-
tional steps, faster convergence, and its implementation on a low-
cost microcontroller. The proposed scheme is studied for two dif-
ferent configurations of PV arrays under partial shaded conditions
and its tracking performance is compared with traditional perturb
and observe (P&O) method and particle swarm optimization (PSO)
method under identical conditions. The improved performance of
the algorithm in terms of tracking efficiency and tracking speed is
validated through simulation and experimental studies.

Index Terms—Firefly algorithm (FA), maximum power-point
tracking (MPPT), partial shaded conditions (PSCs), particle
swarm optimization (PSO), perturb and observe (P&O) method,
photovoltaic (PV) systems.

I. INTRODUCTION

W ITH growing world energy demand and soaring prices
of fossil fuels together with concern about environmen-

tal issues have generated enormous interest in the utilization of
renewable energy sources. The photovoltaic (PV) power gen-
eration has seen a rapid growth in the last few years leading
to extensive use of solar energy; a PV system has the advan-
tages of low maintenance cost, absence of moving or rotating
parts and freedom from environmental pollution [1], [2]. Many
countries provide generous financial schemes such as feed-in
tariff [3], subsidized policies [4], etc., leading to rapid growth
of PV power generation systems.

Due to high initial cost of PV power generation systems and its
low energy conversion efficiency, a PV system is generally oper-
ated to extract maximum power from the PV source. In order to
optimize the utilization of PV systems, maximum power-point
tracking (MPPT) is generally employed, which requires power
electronic interfaces such as dc–dc converter and/or inverter.
The objective of MPPT is to extract maximum power generated
by the PV systems under varying condition of temperature and
solar insolation. A major challenge in PV systems is to tackle
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its nonlinear current–voltage (I−V ) characteristics, leading to
a unique maximum power point (MPP) on its power–voltage
(P−V ) characteristic curve. The process of MPPT is compli-
cated by the fact that the P−V curves vary largely with solar
insolation and temperature.

Generally, the PV panels are connected in series and parallel
so as to meet the load power demand. When climatic condi-
tions vary, the MPP of the PV system also changes its posi-
tion and several methods have been presented for tracking the
MPP and are available in [5]–[11]. These methods include per-
turb and observe (P&O) [5], incremental conductance [6], short
circuit current [7], open circuit voltage [8], load current/load
voltage maximization technique [9], fuzzy control [10], neural-
network-based schemes [11], etc. A detailed comparison of var-
ious methods for tracking MPP in PV systems is extensively
discussed in [12]–[15]. The tracking methods discussed in these
papers are effective and time tested under uniform solar in-
solation, where there is only one MPP in the P−V curve of
the PV system for a given temperature and insolation. In large
PV systems, partially shaded condition (PSC) occurs wherein
PV modules receive different solar insolation due to shadow
of building, moving clouds, and other neighboring objects. The
output power of the PV array decreases largely due to PSC
and the quantum of power lost depend on system configuration,
shading pattern and the bypass diodes incorporated in the PV
modules. The effect of PSC on PV system has been investigated
in several publications [16]–[18]. The immediate effect of PSC
is that the resulting PV characteristic curve becomes complex
with multiple peaks. Conventional methods of tracking MPP are
based on “hill climbing” technique and these methods are not
effective in reaching the global optima, when the PV system
under PSC exhibits multiple peaks; rather most of the conven-
tional methods may converge to local MPP leading to power
loss.

Extracting maximum power from partially shaded PV arrays
can be categorized into four groups [19]. In the first group,
modified MPP techniques which are capable of converging to
global maximum power point (GMPP) are employed and the
second category utilizes different array reconfigurations. The
third group describes different PV system architectures and the
fourth category involves different converter topologies such as
multilevel inverters. Though not highlighted, a closer exami-
nation of the work in [19] clearly indicates that the last three
categories are costlier, require more components, and involve
complex control and higher switching loss in comparison with
modified MPPT techniques that fall under first category. In gen-
eral, modified MPP algorithms always guarantee convergence
to GMPP, system independence, and higher tracking efficiency.
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In the case of a shaded PV system, the PV curve possesses
multiple peaks and convergence to global MPP is mandatory for
extracting maximum power from the PV system. The optimiza-
tion algorithm selected for MPPT should ideally possess the
properties of simple computational steps, faster convergence,
and guaranteed convergence to GMPP together with the feasi-
bility of implementation in a low-cost digital controller. Bio-
logically inspired optimization algorithms such as genetic al-
gorithms (GAs), ant colony systems (ACS), artificial immune
systems (AIS), particle swarm optimization (PSO) techniques,
etc., have been extensively used for various engineering ap-
plications. Among these methods, PSO is simple in structure,
computationally less expensive, and easy to incorporate for on-
line applications. Capitalizing the inherent properties of PSO, a
few researchers have recently employed PSO for GMPP track-
ing under partial shaded conditions [20]–[24]. These works
employ conventional PSO and/or improved versions of PSO
for enhanced tracking efficiency. It is shown that the proposed
methods based on PSO guarantee convergence to GMPP and is
far superior to conventional P&O method. While conventional
PSO yields promising results [23], it causes oscillations in out-
put power before reaching GMPP. An improved PSO where
the duty cycles are initialized in two phases is reported in [22]
which results in reduced steady state oscillations; however, the
work in [22] does not compare the performance of the system
with conventional PSO and its improved version. Furthermore,
the two-stage initialization process may lead to increased com-
putational burden and reduced tracking speed which are not
deliberated in [22]. It is important to mention that while most
of the works [23], [24] claim that the PSO-based approach is
superior to conventional methods of tracking, a comparison be-
tween PSO and conventional methods in terms of tracking speed
through simulated and/or measured results is not available un-
der identical conditions of partial shading; such a comparison of
MPPT tracking could have highlighted the superiority of PSO.

The PSO method for MPPT in PV systems under PSC is
preferred by the researchers over other evolutionary algorithms
because of its simple computation steps, easy of experimental
implementation and increased tracking speed. The application
of other evolutionary algorithms for MPPT under PSC is not
available in the reported literature. Recently, Yang has developed
a metaheuristic algorithm known as firefly algorithm (FA) and is
available in [25], [26]. This algorithm is inspired by the flashing
behavior of fireflies to attract other fireflies for mating purpose.
It is shown in [26] that PSO is a special category of FA. The
work in [26] compares PSO with FA by employing several
multimodal optimization test functions. The statistical analysis
of the comparison clearly indicates that FA is potentially more
powerful in finding global optima with least computing time.
A closer examination of the results presented in [26] highlights
the superiority of FA over PSO in terms of convergence rate
and computational burden. This aspect has been further verified
in [27]. Recent works [28], [29] also confirmed the superiority
of FA in solving complex optimization problems.

The objective of this paper is to develop an FA-based scheme
for tracking GMPP under PSC in a PV system. The proposed
method is shown to be accurate, converges faster to GMPP,

Fig. 1. Single diode model of PV module.

and is system independent. Several case studies under differ-
ent PSC conditions are considered, and the proposed scheme is
developed to track the GMPP. This paper also reports the appli-
cation of conventional P&O and PSO methods for MPPT under
identical conditions, and through simulation and experimental
studies, it is shown that the FA-based tracking is superior to the
existing methods in terms of reduced computational complexity
and tracking speed. The transients in power, voltage and current
before reaching GMPP are shown to be very least with the pro-
posed method in comparison with P&O and PSO methods. The
computed results are validated with experiments carried out on
two different configurations of PV arrays. Examination of ex-
tensive simulation results together with measurements carried
out on the two prototypes show that FA-based MPPT always
converge to GMPP irrespective of the location of GMPP. The
tracking efficiency in all test cases is shown to be higher than
99.5%. The new MPPT scheme is simple, fast converging, does
not require priory knowledge of the system. Further, the scheme
is easily realized using a low-cost PIC16F876 A microcontroller.
One major highlight of this paper is that comparative evalua-
tion of P&O, PSO, and FA methods have been experimentally
carried out and presented, which is not available in the earlier
publications.

II. CHARACTERISTICS OF PV ARRAY UNDER PSCS

A. PV Model

From the electrical equivalent of single diode model of PV
module shown in Fig. 1, the output current, Ipv m by neglecting
shunt resistance Rsh can be written as [2],

Ipv m = Iph m − Io

[
exp

(
Vpv m + RsIpv m

Vt

)
− 1

]
. (1)

The photo current, Iph m of a solar module is determined
using the following equation:

Iph m = (Isc N + kiΔT )λ. (2)

PV modules output voltage, Vpv m from (1) when Iph m is
greater than Ipv m can be written as [30]

Vpv m = Vt

[
ln

(
Iph m − Ipv m

Io

)
+ 1

]
− Rs.Ipv m . (3)

PV modules output voltage, Vpv m from (1) when Iph m is
less than Ipv m can be written as [30]

Vpv m = 0 (4)
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Fig. 2. Two PV configurations under study with PSC.

where

ΔT = T − TN (5)

Vt =
ηkTNs

q
(6)

Rs = −dVpv m

dIpv m
|Vo c N − 1

XV
(7)

XV =
Io exp (V oc m /Vt)

Vt
(8)

Voc m = Voc N + Vt ln (λ) + kvΔT. (9)

Equations (2)–(9) are used in developing simulation model.
Now, depending on the type of the PV array configuration,
the total current and voltage across the PV array is computed
based on the number of series and parallel modules. For detailed
explanation, one may refer to [30]. In these equations, Io is
the saturation current in amperes, Vt is the thermal voltage in
volts, Isc N and Voc N are, respectively, the PV modules short
circuit current and open circuit voltage at standard temperature,
λ is the solar insolation in kW/m2 , q is the electronic charge in
coulombs, k is the Boltzmann’s constant in joules per kelvin, T is
the surface temperature of the panel in kelvin, TN is the standard
temperature, i.e., 273 + 25 K, Rs is the series resistance in ohms,
Ns the number of series cells, ki is the current temperature
coefficient, and kv is the voltage temperature coefficient, and η
is the ideality factor.

B. System Description

To get the desired output voltage and current, PV modules are
connected in series and/or parallel to form a PV array. Here, by-
pass diodes and blocking diodes are used to protect PV modules
from the hot spot problems. With bypass diode, P−V Character-
istic curve has multiple peaks, i.e., local and global maxima are
introduced in the characteristic curves under PSC. Two different
types of PV configurations are considered in this paper and are
given in Fig. 2. The first configuration has six series-connected
partially shaded PV modules named as 6 S configuration and is
shown in Fig. 2. The corresponding PV curve for 6 S configu-

Fig. 3. P−V Characteristics under different shading conditions.

TABLE I
PARAMETERS FOR SINGLE PV MODULE

ration is now computed using (2)–(9) and is depicted in Fig. 3.
This curve has three peaks with the GMPP of 41.59 W located in
the middle. The next configuration, as shown in Fig. 2, consists
of eight PV modules connected in four series two parallel man-
ner with typical partial shading is named as 4S2P configuration.
Its P−V curve, as computed through (2)–(9), is also included
in Fig. 3 and this curve has got four peaks with its GMPP of
66.56 W. The specifications of single PV module used in this
study are given in Table I.

III. INTRODUCTION OF FA AND ITS APPLICATION TO

GMPP TRACKING

The FA is a population-based optimization and is introduced
by Yang [25], [26]. This optimization algorithm is inspired by
the movement of lightning bugs-commonly known as fireflies.
The flashing light of fireflies is an amazing sight in the sum-
mer sky in the tropical and temperate regions. Two fundamental
functions of such flashes are to attract mating partners and to
attract potential prey. In addition, flashing may also serve as a
protective warning mechanism. The rhythmic flash, the rate of
flashing and the amount of time form part of the signal sys-
tem that brings both sexes together. For simplicity in describing
Firefly Algorithm, the following three assumptions are made:
1) all fireflies are unisex so that one firefly will be attracted to
other fireflies regardless of their sex; 2) the attractiveness be-
tween two fireflies is proportional to relative brightness and the
less brighter one will move toward the more brighter one. If there
is no brighter one in a firefly colony, each one will move ran-
domly and 3) the brightness of a firefly is affected or determined
by the landscape of the objective function. For a maximization
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Fig. 4. Block diagram of FA-based MPPT scheme.

problem, the brightness can simply be proportional to the value
of the objective function.

Let p and q be two fireflies positioned at Xp and Xq , respec-
tively. Let the distance between these two fireflies is denoted as
rpq . In a single dimensional space, we can write

rpq = ‖Xp − Xq‖ . (10)

The degree of attractiveness, β is a function of distance be-
tween two fireflies and is given by

β (r) = β0e
−γ (rp q )n

, n ≥ 1. (11)

In the aforementioned equation, γ, which controls the de-
crease of light intensity, is termed as absorption coefficient and
is between 0 and 10 and n = 2 [26]. The symbol β0 is ini-
tial attractiveness and is chosen as 1, such that the brightest
firefly strongly determines the position of other fireflies in its
neighborhood [25], [26].

Assuming that the brightness of firefly p is less than that of q,
the new position of firefly p is given by the following equation:

Xt+1
p = Xt

p + β (r) (Xp − Xq ) + α

(
rand − 1

2

)
. (12)

Here, random movement factor α is constant throughout the
program and falls in the range [0, 1] and rand is a random number
uniformly distributed between 0 and 1 for each movement of
firefly. A large amount of α makes the movement to explore
the solution through the distant search space and the smaller α
tends to facilitate local search [28].

A. Application of FA Toward MPPT

The block diagram of the FA-based MPPT scheme is given in
Fig. 4. Here, the PV array is interfaced to the load through the
boost converter. For a population of fireflies, i.e., duty ratios, the
digital controller measures Vpv and Ipv and computes the output
power. The steps of FA algorithm toward MPPT are described
below:

1) Step 1: Parameter Setting: Fix the constants of the FA,
namely, βo, γ, n, α, population size N , and the termination
criterion. In this algorithm, the position of the firefly is taken
as a duty cycle d of the dc–dc converter. The brightness of
each firefly is taken as generated power Ppv of the PV system,
corresponding to the position of this firefly.

TABLE II
PARAMETERS OF BOOST CONVERTER

2) Step 2: Initialization of Fireflies: In this step, the fireflies are
positioned in the allowable solution space between dmin to dmax
where dmin and dmax represent the minimum and maximum
values of the duty ratio of the dc–dc converter. In this paper,
dmin is taken as 2% and dmax is set at 98%.

Thus, position of each firefly represents the duty ratio of the
dc–dc converter.

It may be noted that increased number of fireflies results in
higher computing time while, a lesser number of fireflies will
result in a local maximum. Hence, in this paper, the number of
fireflies is chosen as 6.

3) Step 3: Brightness Evaluation: In this step, the dc–dc con-
verter is operated corresponding to the position of each firefly
(i.e., duty ratio) sequentially. For each duty ratio, the corre-
sponding PV output power, Ppv is taken as the brightness or
light intensity of the respective firefly.

This step is repeated for position of all fireflies in the popula-
tion.

4) Step 4: Update the Position of Fireflies: The firefly with
maximum brightness remains in its position and the remaining
fireflies update their position based on (12).

5) Step 5: Terminate the program if the termination crite-
rion is reached; else go to step 3. The optimization algorithm is
terminated once the displacement of all fireflies in consecutive
steps reaches a set minimum value. Once the program is termi-
nated, the dc–dc converter operates at the optimum duty cycle
corresponding to GMPP.

6) Step 6: Reinitiate the FA if the solar insolation changes,
which is detected by the digital controller by sensing the change
in the power output.

IV. SIMULATION STUDIES

In order to evaluate the performance of firefly-based MPPT,
extensive simulation studies were carried out. The block dia-
gram for tracking GMPP under PSC is shown in Fig. 4. The
simulation studies are now carried out for the partially shaded
conditions demonstrated in Fig. 2 for the 6 S and 4S2P con-
figurations. The specifications of boost converter employed in
Fig. 4 are given in Table II. A dedicated computer program is
developed in MATLAB for FA-based MPPT in both cases. The
simulation results are discussed now.

The MPPT curves for the 6 S configuration with partially
shaded condition shown in Fig. 2 employing P&O, PSO, and
FA are delineated in Fig. 5(a). The computed variation of PV
voltage and current are also shown separately in this figure.
This figure shows that both FA and PSO converge to the global
optima of 41.59 W. The convergence time for FA is 2.1 s, while
it is 13.6 s for PSO. The P&O-based method reaches the local
peak of 39.1 W with 12.7 s.
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Fig. 5. Variation of power, voltage and current of the PV system during MPPT using P&O, PSO, and FA methods for (a) pattern-1 and (b) pattern-2.

The simulation results of MPPT-based on the three algorithms
for the partially shaded condition of 4S2P configuration given in
Fig. 2 is illustrated in Fig. 5(b). In this case also, FA converges
to the GMPP of 66.56 W with 1.96 s; PSO also tracks GMPP
but the tracking speed is 7.8 s. The P&O method, however, gets
trapped into the local peak of 43.69 W with 8.8 s.

It may be noted that when PV power system is spread over
large areas, partial shading is a very common feature and ei-
ther the pattern of shading or the time at which the shading
occurs cannot be predicted since partial shading is largely due
to moving clouds. Thus, the partial shading can occur at any
time during day time and the MPPT algorithm has to restart
whenever shading pattern changes. Hence, the time required to
find the MPP is a major factor. Further the P&O method cannot
achieve faster response or global convergence.

The aforementioned simulation findings carried out for two
different PV configurations strongly suggest that the FA-based
algorithm is far superior to the existing methods in terms of
tracking speed and convergence to global optima and possesses

good tracking efficiency. The tracking efficiency is calculated
by taking the ratio between averaged output power obtained un-
der steady state and maximum available power of the PV array
under certain shading pattern [23]. It is important to mention
that the initial population is kept the same in PSO and FA meth-
ods in both cases for fairness of comparison. The characteristics
of the simulation results presented in Fig. 5 are briefly sum-
marized in Table III. Further a qualitative comparison between
different methods is listed in Table IV. Tables III and IV show
the superiority of FA-based MPPT over the other two methods.

The successful convergence of any biologically inspired algo-
rithm is largely influenced by the parameters of the algorithms
and PSO and FA are no exceptions. The parameters of these
algorithms are generally identified from the available literature
and fine tune them if required. In the present work, PSO has
six parameters, namely, wmax , wmin , c1max , c1min , c2max , and
c2min and α and γ are the two parameters of FA. In order to
optimize these parameters in both the algorithms, a few shaded
conditions for the 6 S and 4S2P configuration are considered
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TABLE III
PERFORMANCE COMPARISON OF P&O, PSO, AND FA METHODS

TABLE IV
QUALITATIVE COMPARISON BETWEEN DIFFERENT METHODS

TABLE V
PARAMETERS OF ALGORITHMS

then the parameters are iteratively optimized so as to reach
GMPP in each PSC. The optimized parameters thus obtained
are given in Table V.

V. EXPERIMENTAL EVALUATION

In order to substantiate the veracity of the simulation study,
experiments were carried out on 6 S and 4S2P configurations.
For the 6 S configuration, trasnparent materials of different
thickness are placed on a few PV modules to create partially
shaded condition. The measured P−V curve is shown in Fig. 6
indicated as pattern-1. A closer examination of this curve in-
dicates a local peak of 16.24 W and GMPP of 29.65 W. An
experimental setup corresponding to Fig. 4 was fabricated in the
laboratory. The digital controller employed was PIC 16F876 A
microcontroller operating at 4 MHz. Dedicated computer pro-
grams for MPPT-based on P&O, PSO, and FA methods were
developed in MPLAB and then downloaded to PIC microcon-
troller. Microcontroller was then used for online MPPT of 6 S
PV configuration under partially shaded condition. The experi-
mentally determined tracking curves employing P&O, PSO, and
FA methods are given in Fig. 6(b), (c), and (d), respectively. The
tracking curve of P&O gets trapped in a local optima of 16.24 W,

whereas both PSO and FA reach the GMPP of 29.65W. As is
evident from this figure, the tracking speed of FA is the highest
since it takes 3.703 s to reach GMPP compared to PSO which
takes 11.85 s for global convergence. The oscillations in the
PV power are sustained for a longer duration with PSO-based
MPPT, where as this oscillations vanish quickly with FA-based
approach.

It is interesting to examine the characterstics of the three
algorithms, when the shading pattern is changed from one to
another. In such a case the algorithms need to jump out of the
current MPPT point and research the new PV curve for the
new GMPP. Toward this objective, all PV modules are covered
with equally thick transperent materials and the new PV curve
corresponing to changed shaded condition is given in Fig. 6(a)
and is labeled as pattern-2. As is seen in this figure, the new
P−V curve is smooth and has got only one peak of 38.83W.
The measured MPPT curves for each algorithm for pattern-2 are
included in Fig. 6(b), (c), and (d). The tracking curves of PSO
and FA research the new P−V curve and track the new GMPP
of 38.83W. It is worth mentioning that P&O also reaches GMPP
in this case, since there is only one peak in the P−V curve.

The experiment is now repeated with 4S2P configuration with
two types of shading which result in two different P−V curves
as shown in Fig. 7(a). The first P−V curve which is labeled as
pattern-3 has three peaks with GMPP of 42.35 W. The exper-
imentally determined tracking curves based on the three algo-
rithms are given in Fig. 7(b), (c), and (d). The curves plotted in
Fig. 7(c) and (d) show the global convergence ability of both
FA and PSO method. As expected, the P&O settles to the local
peak of 40.24 W.

After 25 s, when the shading pattern is changed a new P−V
curve marked as pattern-4 emerges. This curve also has three
peaks with GMPP at 34.59 W. The three algorithms now re-
search the PV curve and the tracking of MPP by the three
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Fig. 6. Experimental results with 6 S configurations. (a) P−V curve. Tracking curves using (b) P&O, (c) PSO, and (d) FA methods (scale: power—12 W/division,
voltage—60 V/division, and current—2 A/division).



470 IEEE TRANSACTIONS ON ENERGY CONVERSION, VOL. 29, NO. 2, JUNE 2014

Fig. 7. Experimental results with 4S2P configurations. (a) P−V curve. Tracking curves using (b) P&O, (c) PSO, and (d) FA methods (scale: power—
12 W/division, voltage—60 V/division, and current—2 A/division).
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algorithms are included in Fig. 7(b), (c), and (d). Both FA and
PSO algorithms realign the search path towads the new GMPP
of 34.59 W, whereas the P&O algorithm again gets trapped to
local optima of 26.12 W.

It is important to note that both PSO and FA algorithms need
to jump out of the current MPPT and research the operation
area even with slight variation in insolation. While this is a
disadvantage, the advantage of confirmed convergence to GMPP
outweighs this demerit.

The experimental results depicted in Figs. 6 and 7 clearly
demonstrate that FA is capable of reaching GMPP and reorient
itself toward the new GMPP when the shading pattern changes
resulting new P−V curve. While PSO is also capable of jumping
from existing MPP and relocate new MPP with change in solar
insolation, FA method has the advantage of least turbulance
in PV output power, Ppv before reaching GMPP. Thus, it is
apparent from the measured results that FA-based approach is
superior to the other two methods.

VI. CONCLUSION

This paper has presented a new MPPT algorithm based on a
colony of fireflies for quickly tracking GMPP in partially shaded
PV arrays. The tracking procedure consists of positioning the
fireflies in the possible solution space and based on the PV power
output, the flies move to promised regions. The development of
this algorithm for MPPT is lucidly illustrated and the results are
analysed. Computer simulations and experiments carried out on
two different PV configurations have demonstrated that the new
scheme is system independent, quickly converges to GMPP, and
also outperforms the existing methods such as PSO in terms
of tracking speed and oscillations in PV output power. The
new algorithm is shown to capable of jump out of the current
MPPT point and reorient towards new GMPP under rapidly
changing partial shading conditions. The proposed method is
computationally inexpensive and could be implemented on low-
cost microcontroller.

REFERENCES

[1] M. Z. S. EL-Dein, M. Kazerani, and M. M. A. Salama, “Optimal pho-
tovoltaic array reconfiguration to reduce partial shading losses,” IEEE
Trans. Sustainable Energy, vol. 4, no. 1, pp. 145–153, Jan. 2013.

[2] H. Patel and V. Agarwal, “Maximum power point tracking scheme for PV
systems operating under partially shaded conditions,” IEEE Trans. Ind.
Electron., vol. 55, no. 4, pp. 1689–1698, Apr. 2008.

[3] I. H. Rowlands, “Envisaging feed-in tariffs for solar photovoltaic elec-
tricity: European lessons for Canada,” Renew. Sustainable Energy Rev.,
vol. 9, pp. 51–68, 2005.

[4] L. Y. Seng, G. Lalchand, and G. M. Sow Lin, “Economical, environmen-
tal and technical analysis of building integrated photovoltaic systems in
Malaysia,” Energy Policy, vol. 36, pp. 2130–2142, 2008.

[5] N. Fernia, G. Petrone, G. Spagnuolo, and M. Vitelli, “Optimization of
perturb and observe maximum power point tracking method,” IEEE Trans.
Power Electron., vol. 20, no. 4, pp. 963–973, Jul. 2005.

[6] K. H. Hussein and I. Muta, “Maximum photovoltaic power tracking: An
algorithm for rapidly changing atmospheric conditions,” in Proc. Inst.
Electr. Eng. Generation, Transmiss. Distrib., Jan. 1995, vol. 142, no. 1,
pp. 59–64.

[7] T. Noguchi, S. Togashi, and R. Nakamoto, “Short-current pulse-based
maximum-power-point tracking method for multiple photovoltaic and
converter module system,” IEEE Trans. Ind. Electron., vol. 49, no. 1,
pp. 217–223, Feb. 2002.

[8] C. Dorofte, U. Borup, and F. Blaabjerg, “A combined two-method MPPT
control scheme for grid-connected photovoltaic systems,” in Proc. Eur.
Conf. Power Electron. Appl., Sep. 2005, pp. 1–10.

[9] D. Shmilovitz, “On the control of photovoltaic maximum power point
tracker via output parameters,” Proc. Inst. Elect. Eng., vol. 12, no. 2,
pp. 239–248, 2005.

[10] B. N. Alajmi, K. H. Ahmed, S. J. Finney, and B. W. Williams, “Fuzzy-
logic-control approach of a modified hill-climbing method for maximum
power point in microgrid standalone photovoltaic system,” IEEE Trans.
Power Electron., vol. 26, no. 4, pp. 1022–1030, Apr. 2011.

[11] T. Hiyama and K. Kitabayashi, “Neural network based estimation of
maximum power generation from PV module using environmental in-
formation,” IEEE Trans. Energy Conv., vol. 12, no. 3, pp. 241–247,
Sep. 1997.

[12] H. Patel and V. Agarwal, “MATLAB-based modeling to study the effects of
partial shading on PV array characteristics,” IEEE Trans. Energy Convers.,
vol. 23, no. 1, pp. 302–310, Mar. 2008.

[13] T. Esram and P. L. Chapman, “Comparison of photovoltaic array max-
imum power point tracking techniques,” IEEE Trans. Energy Convers.,
vol. 22, no. 2, pp. 439–449, Jun. 2007.

[14] M. Aureliano, L. GalottoJr., L. P. Sampaio, G. de Azevedo e Melo, and
C. A. Canesin, “Evaluation of the main MPPT techniques for photovoltaic
applications,” IEEE Trans. Ind. Electron., vol. 60, no. 3, pp. 1156–1166,
Mar. 2013.

[15] B. Subudhi and R. Pradhan, “A comparative study on maximum power
point tracking techniques for photovoltaic power systems,” IEEE Trans.
Sustainable Energy, vol. 4, no. 1, pp. 89–98, Jan. 2013.

[16] Y. J. Wang and P. C. Hsu, “Analytical modelling of partial shading and
different orientation of photovoltaic modules,” IET Renew. Power Gener.,
vol. 4, no. 3, pp. 272–282, May 2010.

[17] E. V. Paraskevadaki and S. A. Papathanassiou, “Evaluation of MPP volt-
age and power of mc-Si PV modules in partial shading conditions,” IEEE
Trans. Energy Convers., vol. 26, no. 3, pp. 923–932, Sep. 2011.

[18] K. Kobayashi, I. Takano, and Y. Sawada, “A study of a two stage maximum
power point tracking control of a photovoltaic system under partially
shaded insolation conditions,” Solar Energy Mater. Solar Cells, vol. 90,
pp. 2975–2988, Nov. 2006.

[19] A. Badram, A. Davoudi, and R. S. Balog, “Control and circuit techniques
to mitigate partial shading effects in photovoltaic arrays,” IEEE J. Photo-
voltaics, vol. 2, no. 4, pp. 532–546, Oct. 2012.

[20] S. Roy Chowdhury and H. Saha, “Maximum power point tracking of
partially shaded solar photovoltaic arrays,” Solar Energy Mater. Solar
Cells, vol. 94, pp. 1441–1447, 2010.

[21] M. Miyatake, M. Veerachary, F. Toriumi, N. Fujii, and H. Ko, “Maxi-
mum power point tracking of multiple photovoltaic arrays: A PSO ap-
proach,” IEEE Trans. Aerosp. Electron. Syst., vol. 47, no. 1, pp. 367–380,
Jan. 2011.

[22] K. Ishaque, Z. Salam, M. Amjad, and S. Mekhilef, “An improved particle
swarm optimization (PSO)-based MPPT for PV with reduced steady-state
oscillation,” IEEE Trans. Power Electron., vol. 27, no. 8, pp. 3627–3638,
Aug. 2012.

[23] Y.-H. Liu, S.-C. Huang, J.-W. Huang, and W.-C. Liang, “A particle swarm
optimization-based maximum power point tracking algorithm for PV sys-
tems operating under partially shaded conditions,” IEEE Trans. Energy
Convers., vol. 27, no. 4, pp. 1027–1035, Dec. 2012.

[24] K. Ishaque and Z. Salam, “A deterministic particle swarm optimization
maximum power point tracker for photovoltaic system under partial shad-
ing condition,” IEEE Trans. Ind. Electron., vol. 60, no. 8, pp. 3195–3206,
Aug. 2013.

[25] X.-S. Yang, Nature-Inspired Metaheuristic Algorithm, Beckington, U.K.:
Luniver Press, 2008.

[26] X.-S. Yang “Firefly algorithms for multimodal optimization,” in Proc.
Stochastic Algorithms Foundations Appl. (SAGA), 2009, vol. 5792, pp.
169–178.

[27] K. Chandrasekaran and S. P. Simon, “Optimal deviation based firefly al-
gorithm tuned fuzzy design for multi-objective UCP,” IEEE Trans. Power
Syst., vol. 28, no. 1, pp. 460–471, Feb. 2013.

[28] T. Niknam, R. Azizipanah-Abarghooee, and A. Roosta, “Reserve con-
strained dynamic economic dispatch: A new fast self-adaptive mod-
ified firefly algorithm,” IEEE Syst. J., vol. 6, no. 4, pp. 635–646,
Dec. 2012.



472 IEEE TRANSACTIONS ON ENERGY CONVERSION, VOL. 29, NO. 2, JUNE 2014

[29] P. Mandal, A. Ul Haque, J. Meng, A. K. Srivastava, and R. Martinez,
“A novel hybrid approach using wavelet, firefly algorithm, and fuzzy
ARTMAP for day-ahead electricity price forecasting,” IEEE Trans. Power
Syst., vol. 28, no. 2, pp. 1041–1051, May 2013.

[30] B. N. Alajmi, K. H. Ahmed, S. J. Finney, and B. W. Williams, “A maxi-
mum power point tracking technique for partially shaded photovoltaic sys-
tems in microgrids,” IEEE Trans. Ind. Electron., vol. 60, no. 4, pp. 1596–
1606, Apr. 2013.

Kinattingal Sundareswaran was born in Pallas-
sana, India, in 1966. He received the B.Tech. (Hons.)
and M.Tech. (Hons.) degrees from the University of
Calicut, Malappuram, India, in 1988 and 1991, re-
spectively, and the Ph.D. degree from Bharathidasan
University, Tiruchirappalli, India, in 2001.

During 2005 to 2006, he was as a Professor with
the Department of Electrical Engineering, National
Institute of Technology, Calicut, India. He is cur-
rently as a Professor with the Department of Electri-
cal and Electronics Engineering, National Institute of

Technology, Tiruchirappalli, India. His current research interests include power
electronics, renewable energy systems, and biologically inspired optimization
techniques.

Sankar Peddapati received the B.Tech. degree
from Jawaharlal Nehru Technological University
Hyderabad, Andhra Pradesh, and the M.Tech. de-
gree from Acharya Nagarjuna University, Guntur,
Andhra Pradesh, in 2006 and 2009, respectively. He
is currently working toward the Ph.D. degree in the
Department of Electrical and Electronics Engineer-
ing, National Institute of Technology, Tiruchirappalli,
India.

His current research interests include power elec-
tronics and renewable energy systems.

Sankaran Palani received the B.E. degree in elec-
trical engineering from the University of Madras,
Chennai, Tamil Nadu, in 1966, the M.Tech. degree
in control systems engineering from IIT, Kharagpur,
West Bengal, in 1968, and the Ph.D. degree in control
systems engineering from the University of Madras
in 1982.

Since 1968, he has been a Faculty Member in the
Department of Electrical and Electronics Engineer-
ing, National Institute of Technology, Tiruchirappalli,
India, where he became a Professor and Head of In-

strumentation and Control Engineering Department in 1996. He is currently the
Director with Sudharsan Engineering College, Satyamangalam, Tamilnadu. His
current research interests include design of intelligent controllers for dynamic
systems, power electronics, and power system control.



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Algerian
    /Arial-Black
    /Arial-BlackItalic
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BaskOldFace
    /Batang
    /Bauhaus93
    /BellMT
    /BellMTBold
    /BellMTItalic
    /BerlinSansFB-Bold
    /BerlinSansFBDemi-Bold
    /BerlinSansFB-Reg
    /BernardMT-Condensed
    /BodoniMTPosterCompressed
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /BritannicBold
    /Broadway
    /BrushScriptMT
    /CalifornianFB-Bold
    /CalifornianFB-Italic
    /CalifornianFB-Reg
    /Centaur
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /Chiller-Regular
    /ColonnaMT
    /ComicSansMS
    /ComicSansMS-Bold
    /CooperBlack
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FootlightMTLight
    /FreestyleScript-Regular
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /HarlowSolid
    /Harrington
    /HighTowerText-Italic
    /HighTowerText-Reg
    /Impact
    /InformalRoman-Regular
    /Jokerman-Regular
    /JuiceITC-Regular
    /KristenITC-Regular
    /KuenstlerScript-Black
    /KuenstlerScript-Medium
    /KuenstlerScript-TwoBold
    /KunstlerScript
    /LatinWide
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaBright
    /LucidaBright-Demi
    /LucidaBright-DemiItalic
    /LucidaBright-Italic
    /LucidaCalligraphy-Italic
    /LucidaConsole
    /LucidaFax
    /LucidaFax-Demi
    /LucidaFax-DemiItalic
    /LucidaFax-Italic
    /LucidaHandwriting-Italic
    /LucidaSansUnicode
    /Magneto-Bold
    /MaturaMTScriptCapitals
    /MediciScriptLTStd
    /MicrosoftSansSerif
    /Mistral
    /Modern-Regular
    /MonotypeCorsiva
    /MS-Mincho
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /NiagaraEngraved-Reg
    /NiagaraSolid-Reg
    /NuptialScript
    /OldEnglishTextMT
    /Onyx
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Parchment-Regular
    /Playbill
    /PMingLiU
    /PoorRichard-Regular
    /Ravie
    /ShowcardGothic-Reg
    /SimSun
    /SnapITC-Regular
    /Stencil
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /TempusSansITC
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanMTStd
    /TimesNewRomanMTStd-Bold
    /TimesNewRomanMTStd-BoldCond
    /TimesNewRomanMTStd-BoldIt
    /TimesNewRomanMTStd-Cond
    /TimesNewRomanMTStd-CondIt
    /TimesNewRomanMTStd-Italic
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Times-Roman
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /VinerHandITC
    /Vivaldii
    /VladimirScript
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZapfChanceryStd-Demi
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create PDFs that match the "Suggested"  settings for PDF Specification 4.0)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


