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Photovoltaic power supplied to the utility grid ggining more and more
visibility while the world’s powers demand is ineses. Growing demand,
advancements in semiconductor technology and magmetterials such as
high frequency inductor cores, has a significanpaot on PV inverter
topologies and their efficiencies, on the improvatnef the control circuits

on the potential of costs reduction. The user @dfuwants to operate the

Photovoltaic (PV) array at its highest energy cosiem output by
Keyword: continuously utilizing the maximum available sopmwer of the array. The

. . electrical system PV modules are powered by salays requires special
Mathematlc_:al Modeling design considerations due to varying nature ofdblar power generated
PhOt_OVOIta'C System resulting from unpredictable and sudden changesvéather conditions
Maximum Power which change the solar irradiation level as well the cell operating
PV Array temperature. This paper, a mathematical model Pi@ovoltaic (PV) cell
used matlab-simulink environment, is developed @medented. The model is
developed using basic circuit equations of the gldtaic solar cells
including the effects of solar irradiation and tergiure changes. The main
objective is to find the parameters of the nonlire& equation by adjusting
the curve at three points: open circuit, maximuweg and short circuit. the
method finds the bedtV equation for the single-diode photovoltaic (PV)
model including the effect of the series and pataéisistances
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1. INTRODUCTION

A photovoltaic system converts sunlight into elieitty. The basic device of a photovoltaic system is
the photovoltaic cell. Cells may be grouped to faqramels or modules. Panels can be grouped to famge |
photovoltaic arrays. The terarray is usually employed to describe a photovoltaic paweh several cells
connected in series and/or parallel) or a grouparels. Most of time one are interested in modeling
photovoltaic panels, which are the commercial phoftaic devices. This paper focuses on modeling
photovoltaic modules or panels composed of sevssic cells. The terrarray used henceforth means any
photovoltaic device composed of several basic ckllthe Appendix at the end of this paper theeesame
explanations about how to model and simulate Igphetovoltaic arrays composed of several panels
connected in series or in parallel.

All though solar cells prices were very expensivéha beginning, they become cheaper during last
decade due to developing manufacturing proceseebas it is expected that the electricity from Bivays
will be able to compete with the conventional obgsthe next decade. Since a PV array is an exgensi
system to build, and the cost of electricity frohe tutility grid, the user of such an expensive ejyst
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naturally wants to use all of the available outpowver. Therefore, PV array systems should be dedigm
operate at their maximum output power levels for @mperature and solar irradiation level at &l time.

The first purpose of this paper is to presentief imtroduction to the behavior and functioningaof
PV device and write its basic equations, withowt ifitention of providing an in depth analysis oé AV
phenomenon and the semiconductor physics. Thedinttn on PV devices is followed by the modeling
and simulation of PV arrays, which is the main sabpf this paper.

The performance of a PV array system depends ooplgating conditions as well as the solar cell
and array design quality. The output voltage, auri@nd power of PV array vary as functions of solar
irradiation level, temperature and load currenterefore the effects of these three quantities nest
considered in the design of PV arrays so that dxange in temperature and solar irradiation levietukl
not adversely affect the PV array output to thedlotlity, which is either a power company utiligyid or
any stand alone electrical type load.Salamh anchBrajave proposed a switching system that chamges t
cell array topology and connections or the strudtwonnections of the arrays to establish the redui
voltage during different periods of a day. The Pmadel proposed in this paper is circuitry based ehtal
be used with simulink.

2. HOW APV CELL WORKS

A photovoltaic cell is basically a semiconductoodk whoseg—n junction is exposed to light [1],
[2]. Photovoltaic cells are made of several typesemiconductors using different manufacturing psses.
The monocrystalline and polycrystalline siliconlsedre the only found at commercial scale at thesgmt
time. Silicon PV cells are composed of a thin lagebulk Si or a thin Si film connected to electrgrminals.
One of the sides of the Si layer is doped to fdnepkn junction. A thin metallic grid is placed on the Sun
facing surface of the semiconductor. Fig. 1 rougililystrates the physical structure of a PV celheT
incidence of light on the cell generates chargeiear that originate an electric current if theldsl
shortcircuited [2]. Charges are generated wherettexgy of the incident photon is sufficient to aétahe
covalent electrons of the semiconductor—this phesrmm depends on the semiconductor material and on
the wavelength of the incident light.

light
| n|<+ semiconductor
— e

metal base —

metal grid —

Fig. 1 structure of a PV cell

Basically, the PV phenomenon may be describedeaaltkorption of solar radiation, the generation
and transport of free carriers at fen junction, and the collection of these electric ¢egrat the terminals
of the PV device [3], [4]. The rate of generatidretectric carriers depends on the flux of incidigint and
the capacity of absorption of the semiconductore Tapacity of absorption depends mainly on the
semiconductor bandgap, on the reflectance of theswdace (that depends on the shape and treatofi¢he
surface), on the intrinsic concentration of cagief the semiconductor, on the electronic mobiliy, the
recombination rate, on the temperature, and onrakwther factors. The solar radiation is composéd
photons of different energies. Photons with enertpever than the bandgap of the PV cell are uselads
generate no voltage or electric current. Photortk amergy superior to the bandgap generate eligtrimit
only the energy corresponding to the bandgap id-tdéke remainder of energy is dissipated as hetitan
body of the PV cell. Semiconductors with lower bgayos may take advantage or a larger radiation spect
but the generated voltages are lower [5]. Si isthetonl y, and probably not the best, semiconduutterial
for PV cells, but it is the only one whose fabricatprocess is economically feasible in large sc@iier
materials can achieve better conversion efficieboy,at higher and commercially unfeasible costs.
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3. PHOTOVOLTAIC MODELING
A. Equivalent Electric Circuit of Photovoltaic Cell

Fig. 2 shows the equivalent circuit of the ideabtivoltaic cell. The basic equation from the tlyeor
of semiconductors [1] that mathematically desaitte 1-V characteristic of the ideal photovolted! is:
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Fig. 2 Equivalent electric circuit of photovoltaiell
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Where the symbols are defined as follows:
Iov, Cell is the current generated by the incidenttlighs directly proportional to the Sun irradiati),
14 is the Shockley diode equation,
lo,cell is the reverse saturation or leakage currétitendiode,
g is the electron charge (1.602176440-19 C),
kis the Boltzmann constant (1.38065030-23 J/K),T (in Kelvin) is the temperature of tipen junction,
Alis the diode ideality constant.
e: electron charge (1.602 x 10-19 C).
Ic: cell output current, A.
Iph: photocurrent, function of irradiation leveldajunction
temperature (5 A).
10: reverse saturation current of diode (0.0002 A).
Rs: series resistance of cell (0.GQL
Tc: reference cell operating temperature (20 °C).
Vc: cell output voltage, V

The basic equation (1) of the elementary photoioltall does not represent the I-V characteristic
of a practical photovoltaic array. Practical arrays composed of several connected photovoltals aed
the observation of the characteristics at the teaisi of the photovoltaic array requires the induosof
additional parameters to the basic equation [1]:

o 1 I &

v i i

Fig. 3 Characteristic I-V curve of the photovoltal.
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The net cell current | is composed of the lightgated current Ipv and the diode currgniWhere
Ipv and 10 are the photovoltaic and saturationents of the array and Vt = NskT/q is the thermdiage of
the array with Ns cells connected in series. Cetianected in parallel increase the current ands cell
connected in series provide greater output voltalfebe array is composed of Np parallel connewiof
cells the photovoltaic and saturation currents agxpressed as: Ipv=Ipv,cellNp, [10=I0,cellNp. 2) Rs is
the equivalent series resistance of the array apdsRthe equivalent parallel resistance. This aquoat
originates the |-V curve seen in Fig. 3, where élmmmarkable pointare highlighted: short circuit (0, Isc),
maximum power point (Vmp, Imp) and open-circuit ¢/0).

(0, 1)

Fig. 4. Characteristit-V curve of a practical PV device and the thremarkable pointsshort circuit
(0, Isc), MPP ¥mp, Imp), and open circuit\(oc, 0).

Let (1) be the benchmark model for the known opegatemperature Tc and known solar
irradiation level Sc as given in the specificatigvhen the ambient temperature and irradiation fegbhnge,
the cell operating temperature also changes, fegttt a new output voltage and a new photocurvahie.
The solar cell operating temperature varies asatifon of solar irradiation level and ambient temgere.
The variable ambient temperature Ta affects thieotgput voltage and cell photocurrent. These ¢ffece
represented in the model by the temperature cosftic CTV and CTI for cell output voltage and cell
photocurrent, respectively, as:

Crv =14+ Br(Ta—Tx) (2)
CT,=1+Z—Z(Tx—Ta) (3)

Where,T = 0.004 and'T = 0.06 for the cell used and Ta=20 oC is the ambiemperature during
the cell testing. This is used to obtain the medifmodel of the cell for another ambient tempeeafix.
Even if the ambient temperature does not changefisigntly during the daytime, the solar irradiatitevel
changes depending on the amount of sunlight andisloA change in solar irradiation level causebange
in the cell photocurrent and operating temperatwtéch in turn affects the cell output voltagethg solar
irradiation level increases from Sx1 to Sx2, th# operating temperature and the photocurrent alitlo
increase from Tx1 to Tx2 and from Iphl to Iph2spectively. Thus the change in the operating teatpes
and in the photocurrent due to variation in theusotadiation level can be expressed via two aomtst CSV
and CSI, which are the correction factors for cle@ng cell output voltage VC and photocurrent Iph,
respectively:

Cov =1+ Bray(Sx — Sc) (4)

CS,=1+é(Sx—Sc) (5)

where SC is the benchmark reference solar irradiatgvel during the cell testing to obtain the
modified cell model. Sx is the new level of theasdtradiation. The temperature chang&C, occurs due to
the change in the solar irradiation level and
is obtained using
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Are=14 a,(Sx — Sc) (6)

The constantiS represents the slope of the change in the cetlatipg temperature due to a change
in the solar irradiation level [1] and is equalX@ for the solar cells used. Using orrectiondesiG, Cy,
Csv and Cs the new values of the cell output voltagg &hd photocurrent Iphx are obtained for the new
temperature Tx and solar irradiation Sx as follows:

Vex = CrvCsyv Vg (7)

Iphx = CTICSIIph (8)

V. and |, are the benchmark reference cell output voltage esference cell photocurrent,
respectively. The resulting I-V and P V curves f@rious temperature and solar irradiation levelsewe
discussed and shown in [6, 8, 9], therefore theynat going to be given here again.

Pc :Vc(lph_laDeXp(KiTVc_lo)j (9)

IC:Iph—IODexr{K—iVC—Io) (10)

If we connect a resistive load R to cell then wogkpoint of cell will be on crossing point volt-

ampere characteristic of cell and load characterigblt-ampere characteristic of load is a strailje with
slope 1/R. If value of R is too low, the workingimois in area between M and N where cell behaikes |
constant current source. It is more or less shogtic current. But if value of R is high, the wamg point is

in area between P and S where cell behaves liket@ohvoltage source. It means about a open circuit
voltage. Connection with optimal resistance Roptansethat PV cell generates maximum output power
which is given to product of voltage Um and currbmt Working points where the maximum of power is
and efficiency is in the flexion of voltampere cheteristic.

Trradiance

Fig. 5 Influence of the ambient irradiation on t&dl Characteristics

In Fig. 5, an voltampere characteristics of a PY¥ foe only a certain ambient irradiation Ga and
only a certain cell temperature Tc is illustrat@the influence of the ambient irradiation Ga and tkd
temperature Tc on the cell characteristics in preskin Fig. 4.

Fig. 6 shows that the open circuit voltage incredsgarithmically with the ambient irradiation
while the short circuit current is a linear functiof the ambient irradiation. The arrow shows irichhsense
the irradiation and the cell temperature, respestjvincrease. The influence of the cell temperatm the
voltampere characteristics is illustrated in Fig'ie dominant effect with increasing cell’s tempamis the
linear decrease of the open circuit voltage, thebegng thus less efficient. The short circuit i@nt slightly
increases with cell temperature. For practical &3¢ cells can be electrical connected in differemalys:
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series or parallel. Figure 5 and Figure 6 present the voltampere curve is modified in the casesmitwo
identical cells are connected in series and inlighra

sc

Cell’s temperature

—_—

T

Fig. 6Influence of the cell temperature on the cell Cbaastics

Two cells
One cell

<
Fig. 7. Series connection of identical cells

Two cells

One cell

Y

v

Fig. 8. Parallel connection of identical cells

It is seen that voltampere characteristics of sdrigerconnected cells can be found by addinge&mh
current, the different voltages of the individualls. On the other hand, for parallel cells therents of the
individual cells must be added at each voltagerdeoto find the overall volt-ampere curve.

4. RESULTSAND ANALYSIS

The simulation results of the individual system poments and overall results after integrating the
different components are presented beldhe PV cell temperature is maintained constant54E 2nd the
solar intensity is varied in steps up to the ratallie of 10 Wcr. It is seen from the figure .9 that for a
constant solar intensity the current remains constath increasing voltage up to 100Volts after it
decreases. It is further observed that the cuiremease with increasing intensity thereby incregghe
power output of the solar cell.
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Fig. 9 V-l characteristics of PV module for varosolar intensities at rated cell temperature.

The effect of temperature variations on the V-Ireleteristics of the PV cell is shown in figure /8.
marginal variation in current is observed for a penature variation from 25°C to 65°C for a voltageto
65Volts. Above this value the current decreases sharp manner for small variation in voltagesIfurther
seen that the voltage of which the cell currentobges zero increases with decreasing temperature. Th
voltage and power characterstics are presenteiyiilz
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Fig. 10 V-I characteristics of PV module for diféeit cell temperatures at rated intensity.
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Fig. 11 PV Curve with Temperatures Variation
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Fig. 15 Output Power response of PV array
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5.

CONCLUSION
Solar cells in PV array work only in part of voltapere Characteristic near working point where

maximum voltage and maximum current is. We assumage fihotovoltaic system works most of time with
maximum efficiency. It means that for modeling &f Bell we should use constants for specific kind:ell
near working point.
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