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This paper presents an improved model of solar gloitaic (PV) array

along with the implementation of fuzzy logic as rimaxm power point

tracking (MPPT). The proposed PV array behavioradleh is more accurate
and with reduced complexity though considered disccomponents. The
PV array model was well verified by considering #féect of change of
environmental conditions, mainly intensity of soleadiation (insolation)

and temperature. The model was tested by feed glesphase inverter.
MPPT control the operating voltage of PV arraysiider to maximize their
power output as a result maximize the array efficyjeand minimize the
overall system cost. Using a Fuzzy logic basedrilgu, the duty cycle of
the converter inserted between source and loadjisted continuously to
track the MPP and compared with the conventionalupe and observed
(P&O) method for changing environmental conditiolhsvas found that the
Fuzzy logic based method can track the MPP moreiqaly and rapidly

than the conventional one. In P&0O method, if st ©f input variable is

very small, the accuracy in tracking MPP is suéfiti but tracking speed
becomes too slow. On the other hand if the stepisiincreased to imitate
the rapidly changing weather conditions, accuraggterbrates and
unexpected results occur due to oscillation aroanmdean point although
tracking speed increased. But in the case of prapBE€ whatever the step
size of input variable it best suited to track MRBntinuously and

accurately. The obtained simulation results vadidite competent of the
solar PV array model as well as the fuzzy controlle
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1. INTRODUCTION

Energy is one of the most indispensable parts forliging being in the world. Access to energy
plays a crucial role in accelerating economic groamd development activities of a country. Howether
existing power plants and utility grid is not altée cover the demand fully. Moreover the extreme ofse
fossil fuels produces harmful gases which tempteddéstroy the natural ecosystem and trigger the
environment pollution. Huge emission of carbon d@iexis going to destroy the ozone layer of the erse
as a result global warming is threat to all. On ditleer hand, adequate photon energy (sunshine)hwsic
available on the earth surface throughout the y®alar energy in a single day is sufficient for #mire
inhabitant of the earth. Photovoltaic renewablergnsystem may be one of the promising solutionsase
the existing energy crisis considerably in the @dflit is avail in a sustainable manner. Photaoaialtpower
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generation using solar cells that can convert digéit energy directly to DC electricity promises be a
clean, widely applicable renewable energy sourcsteinable growth of photovoltaic power generai®n
also reducing dependence and pressure on fosksifiréficantly. Researchers have shown great ésteon
photovoltaic (PV) systems and technology over thst plecades. Advancement in cell efficiency antesys
reliability has given wide acceptance of PV teclhggl for both standalone and grid interactive power
generation. According to the renewable energy ohiEuropean Commission [1], the capacity of ins&ll
grid connected PV grew at an average rate of 3724qar over the past decade. Figure (1) best d=pitie
scenario exponential escalation of worldwide P\ailgtion.
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Figure 1. Grid Connected Photovoltaic Installations

At the end of 2010, the installed capacity in th@AJwas nearly 11,000 megawatts (MW) and the
worldwide installed capacity was over 16,000 MWofloltaic renewable energy is recognized worldwide
as a cost-effective, environmentally friendly smotto energy shortages. The output current vevsitage
curve of PV cell shows a non-linear |-V charactgithat depends on environmental conditions ssckodar
insolation and temperature. The presented work isdiee continuation and extended version of oavipus
works [2]-[4]. The proposed PV array behavioral miots more accurate and with reduced complexity
though considers every discrete components of laloethe current-voltage characteristic curve cfcdar
array, there is a certain operating point at whith PV array produces maximum power which is knasn
maximum power point (MPP). Therefore, to maximihe PV array output power at any insolation and
temperature, maximum power point tracking (MPPTQded in the PV system. Usually a DC-DC converter
is used for this purpose. The maximum power théobased on impedance matching. By adjusting tie d
cycle of the converter, the equivalent load impegaas seen by the PV source is matched with its own
impedance. Using an appropriate MPPT algorithmdititg cycle of the converter is adjusted continlypts
track the MPP. Several MPPT methods have been stigadan the literatures [5], [6]. The methods vary
complexity, sensors required, tracking efficienaggnvergence speed, cost, range of effectiveness,
implementation hardware, popularity, and in othrespects. Some of the well-known techniques areier
& observed (P&O), incremental conductance, constantent, Fuzzy based algorithms. Among them P&O
algorithm is most popular and frequently used dutaeir fast tracking speed and ease of implemientatn
this method the operating point is perturbed arehtthe system response is measured to determine the
direction of the next perturbation. This proceseeated till the system reaches MPP. One of thelthcks
of this method is that it fails to track MPP undapidly variation in insolation and environmentahditions
[7]. This happens when the change in power dugnmspheric conditions is larger than the changestdu
perturbation invoked by the algorithm [8]. In a shell, in fast changing environment these conveatio
MPPT methods face a great deal of difficulty tockrahe actual MPP. To overcome the difficulties of
commonly used MPPT methods a unique and improvegyflogic control based method is proposed. The
proposed controller can track the MPP not only eately but also its dynamic response is very fast i
response to the change of environmental parametezemparison with the aforementioned conventional
MPPT algorithms.

2. SOLARPHOTOVOLTAIC CELL MODEL
The basic element of the photovoltaic module is gbkar cell which usually an illuminated p-n
junction diode to produce electricity by photovalt@ffect. Being exposed to the sunlight, photonth w
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energy greater than the bagdp energy being absorbed by therpjunction and some electr-hole pairs
are created in the vicinity of junction. Under th8uence of the bui-in internal electricield E of the p- n
junction, the positively charged holes acceleratdhie direction of the electric field and the négy

charged electrons in the direction opposite toelaetric fielc [9]. Now if the both terminal of the cell

connected by a lahthe charge particles carriers are swept acrasgutiction and create a photocurr
which is directly proportional to solar insolatiodsually available open circuit voltage and shartugt

current from a single cell is 0.5V and 2.35A redjpety. Due to this low voltage and current of an individ
solar cell, several cells are wired series/pardlielget an appropriate current and voltage for daie
application thus making a photovoltaic module das@anel. Modules may then be strung toer into a
photovoltaic arrayThis whole mechanm is best depicted as in Figure (2).

PV Cell PV Maodule

Figure 2 A typical structure of solar PV cell, module aarday

2.1. Ceéll characteristic equations

An ideal solar cell may be modeled by a currents®eonnected in parallel with a diode; the cur
source represents the generated photocurrent vakesunlight hitcon thesurface of thesolar panel, and the
diode represents therptransition areaf the solar cell. According to [10], replar cell is ideal and a sht
resistance, (R) and a series resistal, (Ry) componentare added to the model accordto its behavior as
shown in Figure (2) of thequivalent circuit othe solar PV cell.

\ oF Y ]D jan Rs +

(7 T\\“ 1 ! Ra, R T

Figure 3 Equivalent circuit of a solar cell consistingdi$crete electrical componer
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From the above electrical equivalent circuit of sudar cell, it is evident that they)(is the voltage
across the load resistanc®) (and the currentl) which is flowing through this load can be writtas
equation:

Iop_lD_lsh (1)

Wherel,, light generated currentp is the diode currenily, is the current which is shunted through the
resistor R,

By the Shockley diode equation [11], [12], the emtrdiverted through the diode is given by theofwihg
equation

I, = I{exr{%) —1} )

HereT is the absolute temperature in Kelvinis the charge of a electrakjs the Boltzmann’s constant,is
the diode ideality factor which depends on theaterPV technology antis the reverse saturation current in
amperes. Substituting these into the equationpfbduces the characteristic equation (3), of acglpsolar
cell, this relates solar cell parameters to th@wiuturrent and voltage.

I=I0p—lo[exp{q(v 'R)j 1}_% (3)
nkT R,

Sometimes, to simplify the model, the effect of fRg is not considered, that By, is infinite, so the
expression of (3), simplify to as the following edgjon

=1, - Io[exp{ q(vnk'II'R )j 1} (4)

Two important points of the current-voltage chagastic must be pointed out. First one is the opiecuit
voltage, V.o and the second one is the short circuit curregt The other other two points such as voltage
(Vmp and currentl,) at maximum power point (MPP). All of these areirdicated in Fig. (4). At both
points the power generated from cell is zérfg.can be approximated from equation (4) when the wutp
terminal of the solar cell is merely open, as alta® current flow through the load. The shortait current

Isc of equation (4) is the current when intuitively tieeminals of the solar cell is solidly connectgdabwire

of zero resistance. Practically short circuit cotrie approximately equal to the light generatedent that is

l.=1,.

Vi —”—len( o +1j )
q lo

A PV array is composed of many solar cells, which eonnected in series and/or parallel so the dutpu
current and voltage would be high enough for aaterapplicatioTaking into account the simplification
mentioned in above equation of (4), the outputenirvoltage characteristic of a PV array is expddsy
equation (6), where\, andN; are the number of solar cells in parallel and sespectively.

[ =N, —-N I{ex;{MJ—l} (6)
b P nkTN,
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Figure 4. Typical |-V and P-V characteristic anddtion of V¢, ls¢ Imp Vimp, Prnax @nd MPP

2.2. Modé validation

There are four factors that affect the characiesistf solar panel, among them the less dominant
factors are the shunt resistanc&;) and the series resistancdi)( The rest of the most dominant
environmental factors which are the temperature armblation are strongly affecting the electrical
characteristics of solar cell. There are severpfmaaches to PV array model in the literatures -[18].
Average circuit based model has been proposed Gaenging effect of the first two factors has igggband
the later two factors have considered in the dgmknt of PV array simulink model in Matlab/Simulink
platform [19]. Electrical specification of a 100 W&TF100P6PV module [20] has been taken. The neodul
is available in the renewable energy laboratorthefEEE department in CUET. Electrical specificatiare
summarized in Table (1). The model is developednasked subsystem form with several stages. For
example the simulink masked subsystem of light gead current for a single cell is given in Fig(g The
complete PV array model consisting of 36 cellshisven in Figure (6). Both Rand R are calculated in the
initialization option of the masked subsystem. Tihitialization is carried out every time at tharsing of
simulation.

Table 1.Electrical specifications for the test PV module

Parameters Specification

Maximum power (Pm) 100 W

Open circuit voltage (Voc) 215V

Short circuit current (Isc) 6.22 A

Voltage at maximum power (Vm) 17.30 V

Current at maximum power (Im) 5.8A

Short-circuit current temp coefficient 6.928 mA/ °C

Open-circuit voltage temp coefficient -0.068 V/ °C

Module size 36 Cells (4x9) each of 156 Mm
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Figure 5. Masked subsystem of light generated téorra single cell
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Figure 6. Simulink model of PV array

PV model
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2.3. Solar insolation and temper atur e effects

The effect of thantensity of solar irradiancon the voltage-current (\J-and voltag-power (V-P)
characteristics of STF100P6 solar panel, undeouainsolatiors level is best depicted Figure (7) and in
Figure (§ respectively. From these figure it is clearttunder higher insolatigrthe PV cell produce
higher output currents as well as power becauskeofight generated current is proportionally geted by
the flux of photons. The maximum power point (MRREcreases with decreasiinsolation and this is
indicated on each (V-P) curve.
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Figure 7. IV characteristics of the solar PV array due to geain insolation at 25°¢

In (I-V) characteristic curve cFigure (9 it is evident that as the cell temperature insesa the
overall voltage range of the cell is decreases esngequence the maximum power point (MPP) decst
and this is indicated on each-@) curve of Figure (10 Since decreasing either currenr voltages reduces
output power, lower temperature and higinsolationare required to get more power under the same [
In addition, the insolatiomas a much greater effects on changing the parmghcteristics than does t
temperature. Althoughdbh solar insolation and temperature are dominactbfs but there scale of effect
different. As temperature rises rate of PV curmising is less than the voltage decreasing. Assalr&1PP
decreases. This is due to thgeo-circuit voltage temperature coefficieistnegative with a nominal value
0.068 V/ °C. On the other harghor-circuit current temperature coefficieistpositive with a value ¢6.928
mA/ °C. However rate of rising of MPP for increasing \ealf intensity of solar irradiatic is less than rate
of drop of the MPP for increasing the value of tengpure The voltage waveform at the ac load is ¢
shown in Figure (11). All of these results validdte PV array simulation model to be used in furtherks
to design a complete stgm of PV energy syste
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Figure 11. AC Output voltage and current wavefoofthe inverter

2.4. Maximum Power Point Tracking

In MPPT by using appropriate algorithm electricglerating point (may be PV array voltage,
current or duty cycle of the converter) is forcadte peak power point continuously to maximize pow
output. In Figure (12) of general MPPT system, miyihe period when open circuit voltage is senSeid,
closed and Q is opened. This will disconnect tbwvgy conditioner and load from the module. The cépa
C gets charged to a voltage that is proportionatoThen S is open and Q is closed for normal opmnaif
the module and load. It is to be noted that, thg dycle for switching S should be very small, l&ssn 1%,
so that the normal operation is not affected.

T\ ]|

DC-DC Load
Converter
S
— SN
PV
Module D _U_I_‘_L
Modulator
== R R
I
D
E Ve L
VoV, ] Fuzzy MPPT
K Contoller
R Ri| —— &
_|_ J_ e VoV

Figure 12. PV array with General MPPT system

The algorithm works as follow, since there is nfemence cell and still we need to have thg, V
value for comparison, we need to have to measwe/ghof the same cell. This is done with the help of
switch S. While measuringy it is need to be disconnecting rest of the ctrguiThis is done with active
switch Q. A voltage V proportional to the moduleltage is measured. This voltage is compared with a
reference V. If these two voltages match, maximum power isigferred to the load through the DC-DC
converter. If these two voltages do not match, #mear signal is generated. Depending on the pglafithe
error signal, duty cycle is increased or decreasmth that voltages match. The use of MPPT can rhdke
use of the system capacity and thus reducing theofdhe system.

IJECE Vol. 2, No. 6, December 2012 : 717 — 730
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2.5. Improved Fuzzy Logic Controller for M PPT

A fuzzy controlsystem essentially embeds the experience andiamtuwf a human plant operat
and sometimes those of a designer and/or reseastleplant. The design of a conventional contyaitam
is normally based on the mathematical model ofaatpllf an acclate mathematical model is available w
known parameters a controller can be designedpfecied performanc [21]. But in some cases an accur
mathematical model is not always available. Moreptle response of a conventional controller is
always precise and fast enough if load and system pateamvary abruptly. In these situations, fuzzyidc
controller (FLC) ca be a very good alternative [l. FLC can achieve robust response of a system
uncertainty and nonlinear characteristics. s the advantages of working with imprecise inpatg,needing
an accurate mathematical model, and handling neaity. A MPP search based on fuzzy heuristic 11
which does not need any parameter information, istm®f a stepwise adaptive searclads to fast
convergence and is sensorless with respect toghtirand temperature measurements]. The control
objective is to track and extract maximum poweinfrthe PV arrays for a given solar insolation lexed
cell operating temperature. The mmum power corresponding to the optimum operatirigtgs determinet
for a different solar insolation level and tempara A Functionalblock of FLC based MPPT syst is
shown in Figure (13)The fuzzy controller consists of three functiontdds as fizzification, Fuzzy rule
base and Defuzzificatiofhese functions are described as follc

4.1. Fuzzification
. o . . AP
The proposedruzzy logic controlle in this paper takes one input which is the slm(n) of the

power versus voltage cureé PV arra) at a sampling instant af and gives output the change in volt:
AV (n) for the sampling insta N + 1. The variableAP(N) and AV (N) are expressed as folloy

AP(n) = P(n)-P(n-1
AV(n) =V(n)-V(n-1)
WhereP(Nn) and V (n) are the power and voltage of PV array, respectivéty AP(n) and AV (n) are zero

at the maximum power point of a PV array.Figure (13) the membership function of the input and ou
variables is shown which is assigned eleven fuety, sncluding positive very big (PVB), positiveg(iPB),
positive medium (PM), positive small (PS), postivery small (PVS), zero (ZE), negative vesmall
(NVS), negative small (NS), negative medium (NMggative big (NB) and negative very big (NVB). T
membership functions are denser at the centerdierdo providemore precise output at the Ml

A
Inpuot. ﬁ (ﬂ )

Fueten Taezie

Connoller
Alz+1)
Tollame
fCalovlarion of FLLT
A oarm A
PA ares Tapout —p(n }
Av
FPower
Te=okvion Temperabime

Figure13. Functional block of FLC based MPPT system [20]

4.2. Fuzzy rulebase

The fuzzy rule base should be such that it canrgém@n output which is chard in voltage4V(n)
based on thenagnitude of the inpun+1 to operate the PV array at a voltagerespondig to MPP. At
MPP, theinput variable is zero. So, the output, changedltiage4V(n) should also be zero. But, a me

Improved Solar Photovoltaiarray Model With FL( Based Mximum Power Point Trackil (NurMohammad)
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should be there to avoid the PV array voltage lgkh a local maximum rather than proceed towahnés t
actual value. The rule base, also known as rule lmadup table or fuzzy rule algorithm. Rule baedgle: for
Fuzzy logic controller is given in Table 2.

Membership function plots
T I I
MYE B Ml NSNS IPYEPS P PB PvB

1+ n| -

05— —

0
| | | | == | | | |

-5 -4 -3 -2 -1 o 1 2 3 4 £l
input variable "slope"

Figure 14. The membership functions of input angbotuvariable

Table 2. Rule Base Table for Fuzzy Logic controller
Input NVB NB NM NS NVS ZE PVS PS PM PB PVB

Output NVB NB NM NS NVS ZE PVS PS PM PB PVB

4.3. Defuzzification

The output of the fuzzy logic converter is a chamgthe duty ratio of the power converter, The
most common center of gravity method for defuzaifign is used in this paper. It computes the ceoter
gravity from the final fuzzy space, yields a resaltich is highly related to all of the elementstle same
fuzzy set.

5. RESULTSAND DISCUSSION

As mentioned previously, the common methods toktrisi®®P have several drawbacks. Among
them, the P&O method shows slow tracking speedoanilations about MPP. In this paper the perforoean
of FLC is compared with that of P&0O method to sh&WC’s superiority in tracking MPP over other
conventional methods. The insolation and tempegapuofile are shown in Figure (15) for durationhailf
second. The insolation profile which has startethai value of 600 W/Mmand continue for first 0.14 sec.
Immediately after that this value rise up to 1000m#/exist for rest of the simulation period. Similarly
temperature was 300K till 0.24 sec and then it ghastep down gradually to starting value afterasistep
up at about 0.25 sec. The voltage in the outpth@tonverter both for FLC and conventional P&Chod
are shown in Figure (16) and it has been observatthe obtained output voltage level is less flatihg
with FLC than the conventional P&O controller. hist case the more ripple causes to decrease thagave
output voltage value and create electromagnetarfetences (EMI) and thus require additional ENtefi
Additional components increase cost and hamperathsrstem performances. At the same time decridsase
output current as well as power. It is clear forCFhased MPPT get back its stability within a veeyf
microsecond after some considerable change of atisnol or temperature without any oscillation.
Additionally FLC track accurately the maximum powmint whatever the step size of voltage level.sThi
happens because it provides the optimum duty patiturbation in adaptive manner.

The respective current and power levels are shawthé Figure (17) and in the Figure (18)
accordingly. The variations in the current, voltage power of the converter are almost terminateenihe
solar radiation is almost constant. For exampls tlain be seen till 0.15 sec. in the time scale evireno
insolation or temperature have changed. After Osé6. insolation rise up to 1000 W/mand as a
consequence available current as well as poweubdtpmatically improve. When temperature charigp s
down gradually to starting value after a sharp sippat about 0.25 sec then voltage profile graguall

IJECE Vol. 2, No. 6, December 2012 : 717 — 730
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decrease and current profile progressed step Ipyastd power level increase steadily. FLC based MPPT
only fail at the time of abrupt change of enviromta condition but in steady state or gradual cleaaf
input it is best suite. On the other hand in cd9@8D method, if step size of input variable iswemall, the
accuracy in tracking MPP is sufficient though saipele exists but tracking speed becomes too sfowl. if

the step size is increased, oscillation about tle@rmpoint occurs; accuracy deteriorates even soraeti
unable to track MP. Both accuracy and speed okimgccannot be achieved simultaneously. The prapose
fuzzy logic based method is even better with respeconventional fuzzy methods which can produce
unexpected results when abrupt parameter changes iocreal time. The simulation results of P&O huoet
shown here has step size relatively large to miuehracking speed of that of FLC. But in this cashows
increased oscillation.

1100

1000 -

900 -
800 -
Lradiance, Wit 2

700 -

600

Irradiance and temperature

s00 -
Temperature, E

400 -

300 /\

u} 0.05 o1 0.15 0.2 0.25 0.3 0.35 0.4 0.45 0.5
Time, s

Figure 15. Step change of intensity of insolatiod ;emperature during simulation
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Figure 16. Output voltage with FLC and conventio&O controller
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Figure 17. Output current with FLC and conventidR&O controller
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Figure 18. Output power with FLC and convention&{CPcontroller

6. CONCLUSION

0.5

A complete improved model of PV array along witleZy logic based MPPT controller was
developed in this paper. The results give encongagutput on the performance of PV system and thus
validate the behavior of the model. The model mpé¢ and user friendly. This paper also presents an
intelligent control strategy of MPPT for the PV ®m using the FLC. Simulation results show that the
proposed MPPT can track the MPP faster when cordp@reéhe conventional P&0O method even if the
environment changes abruptly. In conclusion, theppsed MPPT using fuzzy logic can improve the
performance of the system. The specialty of thi€ 4 that the rule base is very simple which insesathe

speed of computation of the processor as well.
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