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Abstract—This paper presents an easy and accurate power point tracking (MPPT) algorithms and mainly to sim-
method of modeling photovoltaic arrays. The method ulate the photovoltaic system and its components usingitirc
is used to obtain the parameters of the array model simulators.
using information from the datasheet. The photovoltaic  This text presents in details the equations that form the the
array model can be simulated with any circuit simulator. 7-V model and the method used to obtain the parameters of
The equations of the model are presented in details and the equation. The aim of this paper is to provide the reader
the model is validated with experimental data. Finally, with all necessary information to develop photovoltaicagrr
simulation examples are presented. This paper is useful models and circuits that can be used in the simulation of
for power electronics designers and researchers who power converters for photovoltaic applications.
need an effective and straightforward way to model and
simulate photovoltaic arrays. [I. MODELING OF PHOTOVOLTAIC ARRAYS

o ] ) A. Ideal photovoltaic cell
Keywords—Array, circuit, equivalent, model, modeling, pho- " Fig. 1 shows the equivalent circuit of the ideal photovaltai
tovoltaic, PV, simulation. cell. The basic equation from the theory of semiconductors
[1] that mathematically describes thel” characteristic of

I. INTRODUCTION the ideal photovoltaic cell is:
A photovoltaic system converts sunlight into electricity. qv
The basic device of a photovoltaic system is the photowoltai I=Ipy cen = Lo,cent [eXp (akT) - 1} (1)
cell. Cells may be grouped to form panels or modules. Panels
can be grouped to form large photovoltaic arrays. The term Ia

array is usually employed to describe a photovoltaic pan@there I,,, .1 is the current generated by the incident light
(with several cells connected in series and/or parallelf or(it is directly proportional to the Sun irradiation)y is the
group of panels. Most of time one are interested in modelirghockley diode equationiy .. [A] is the reverse satura-
photovoltaic panels, which are the commercial photovoltaiion or leakage current of the diode [Af, is the electron
devices. This paper focuses on modeling photovoltaic mocharge [.60217646 - 10~'°C], & is the Boltzmann constant
ules or panels composed of several basic cells. Theaeray [1.3806503 - 10-23J/K], T [K] is the temperature of the-n
used henceforth means any photovoltaic device compogedction, anda is the diode ideality constant. Fig. 2 shows
of several basic cells. In the Appendix at the end of thitie -V curve originated from (1).

paper there are some explanations about how to model and

; ; B. Modeling the photovoltaic array
zg‘}ﬁﬁéfe?ri%esﬂzzts\gltﬁsz:glﬁ composed of severaipan The basic equation (1) of the elementary photovoltaic

.cell does not represent thel/ characteristic of a practical

The electr|g|ty available at the terminals of a phot_ovaxlta| hotovoltaic array. Practical arrays are composed of séver
array may directly feed small loads such as lighting sys-

device. These converters may be used to regulate the volg?ﬂe
and current at the load, to control the power flow in grid=
connected systems and mainly to track the maximum power

point (MPP) of the device. practical PV device
Photovoltaic arrays present a nonlindal’ characteristic . ideal PV cell I
with several parameters that need to be adjusted from exper- L : AN —— |
imental data of practical devices. The mathematical model [})V¢ %Zlfd : ?Rp R v
of the photovoltaic array may be useful in the study of the Do | ‘

dynamic analysis of converters, in the study of maximum A P

Fig. 1. Single-diode model of the theoretical photovoltaic cell

Manuscript received on 24/09/2008. Revised on 22/12/2@@8epted by and e.qu:vzllent ﬂrcu't .Of a p:jactlcalllplhotoyoltalc device
recommendation of the Editor Fernando L. M. Antunes. Including the series and parallel resistances.
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Sl M fa ! electrical and thermal characteristics. Unfortunatelynso
- = of the parameters required for adjusting photovoltaic yarra
models cannot be found in the manufacturers’s data sheets,
v v v such as the light-generated or photovoltaic current, these

_ o _ and shunt resistances, the diode ideality constant, tlieda
Fig. 2. Characteristid-V" curve of the photovoltaic cell. The net yorse saturation current, and the bandgap energy of the semi
cell current] is composed of the light-generated current " . .
I, and the diode current, conductor. All photovoltaic array datasheets bring bdlsica
pv . . . . . . .
the following information: the nominal open-circuit vodia
Voe,n, the nominal short-circuit current. ,,, the voltage at
the maximum power pointy,,,, the current at the maximum

(0, 1) op voltage power point/y,;,, the open—.circuit voltage/temperature _cc_)ef-
ficient Ky, the short-circuit current/temperature coefficient
- (Vinp, Imp) Ky, and the maximum experimental peak output power
Phax,e. This information is always provided with reference to
TG the nominal or standard test conditions (STC) of tempeeatur
SCUICE and solar irradiation. Some manufacturers provigié curves
v © for several irradiation and temperature conditions. These
Fig. 3. Characteristid-V curve of a practical photovoltaic deviceCUrves make easier the adjustment and the validation of
and the threeemarkable pointsshort circuit (0, I..), the desired mathematicdll’ equation. Basically this is all
maximum power pOi(r}EV"‘S)’ Imp) and open-circuit the information one can get from datasheets of photovoltaic
oc, V). arrays.

Electric generators are generally classified as current or
voltage sources. The practical photovoltaic device pissen
an hybrid behavior, which may be of current or voltage

V+RSI> 1] V+ R source depending on the operating point, as shown in Fig.
3. The practical photovoltaic device has a series resistanc

I=1I,—1I|exp| ——
pv 0 |: P ( ‘/ta Rp
wherel,,, andl, are the photovoltaic and saturation currenttjsr;%]S whose influence is stronger when the dey|ce operates in
e voltage source region, and a parallel resistaRgavith

of the array and/; = N kT'/q is the thermal voltage of the ; . ; .
stronger influence in the current source region of operation

array W'.th N, cells connected in series. Cells co.nnecFed |'Phe R, resistance is the sum of several structural resistances
p_arallel increase the current and cells con_nected N SBIES ¢ the device [24]. TheR, resistance exists mainly due to
vide greater OUtPUt voltages. If the array is _composec_mpf the leakage current of tr?pn junction and depends on the
parallel connections of cells the photovoltaic and saomat fabrication method of the photovoltaic cell. The valugfis
currents may be expressed ds; =1,y ce1 Np, lo=10,cenn Np. iﬁgﬂera”y high and some authors [11}-{14], [17], [18], [25]

f

)

In (2) R, is the equivalent series resistance of the array a | neglect this resistance to simplify the model. The ealu

R, is the equivalent parallel resistance. This equation -origi ) ) : ;
A Ry is very low and sometimes this parameter is neglected
nates thel-V curve seen in Fig. 3, where threemarkable t00 [26], [29]-[31]

pointsare highlighted: short circuit), /), maximum power The I-V characteristic of the photovoltaic device shown in

point (Vip, Imp) and open-circui( Vs, 0). . . o .
Eq. (2) describes the single-diode model presented in l:F|g. 3 depends on the internal characteristics of the device

1. Some authors have proposed more sophisticated modéls R,) and on external influences such as irradiation level

that present better accuracy and serve for different pasposan temperature. The amount of incident light directly ctiie

. . . he generation of charge carriers and consequently thergurr
For example, in [2]-[6] an extra diode is used to represeant tF\ . .
effect of the recombination of carriers. In [7] a three-ala'odgenera@j by the device. The light-generated currégf) (

: . : - of the elementary cells, without the influence of the series
model is proposed to include the influence of effects whic . e ;
X . —_._.and parallel resistances, is difficult to determine. Datath
are not considered by the previous models. For simplici

the single-diode model of Fig. 1 is studied in this papernIy inform the nominal short-circuit currenfy ), which
This model offers a good corﬁpromise between simplicit'é the maximum current available at the terminals of the
and accuracy [8] and has been used by several authorsg riﬁCt'Cal dev!ce. The assumptldg: ~ Ipv.'s gengrally u_sed
. . ) o In photovoltaic models because in practical devices thieser

previous works, sometimes with simplifications but always . ; : o :

. , reglstance is low and the parallel resistance is high. T-li
with the basic structure composed of a current source an ; .
a parallel diode [9]-[23]. The simplicity of the single-die generated current of the photovoltaic cell depends ligeanl

model with the method for adjusting the parameters and thhee sol_ar irradiation anc_i Is also |r_1fluenced by the t.empeeatu
. S . according to the following equation [19], [32]—[34]:
improvements proposed in this paper make this model perfect
for power electronics designers who are looking for an easy G
and effective model for the simulation of photovoltaic deg Iy = (Ipy.n + KiAr) o 3
with power converters. "

Manufacturers of photovoltaic arrays, instead of the wherel,, , [A] is the light-generated current at the nominal

V' equation, provide only a few experimental data abogbndition (usually25°C and 1000W/m?), At = T — T,
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(being T and T;, the actual and nominal temperatures [K])effect of the temperature is the linear variation of the epen
G [W/m?] is the irradiation on the device surface, aGg circuit voltage according the the practical voltage/terapee
is the nominal irradiation. coefficient. This equation simplifies the model and candweds t
The diode saturation curreiiy and its dependence on themodel error at the vicinities of the open-circuit voltagesi a
temperature may be expressed by (4) [32], [33], [35]-[38]:consequently at other regions of thé/ curve.
3 The validity of the model with this new equation has been
[ Ta qFs (1 1 4 tested through computer simulation and through comparison
0= Jdon | 7 | EXP 7" T, T ) with experimental data. One interesting fact about theemarr
where E, is the bandgap energy of the semiconducty & tion mtroduce,d with (6) is that the (_:oeff|C|e|MV from the
. ) A manufacturer’s datasheet appears in the equation. The volt
1.12 eV for the polycrystalline Si a5°C [11], [32]), and g X . ; .
. . . i age/temperature coefficiefif;, brings important information
Iy, is the nominal saturation current: . . "
’ necessary to achieve the best possiblE curve fitting for
Len temperatures different of the nominal value.
) ®) If one wish to keep the traditional equation (4) [32], [33],
-1

IO n —
’ V:)c,n
€xp (th - [35]-[38], instead of using (6), it is possible to obtain thest
_ . ’ . value of £, for the model so that the open-circuit voltages of
with V; , being the thermal voltage oWV, series-connected the model are matched with the open-circuit voltages of the

cells at the nominal temperatui. . real array in the rang@, < T < Th.x. By equaling (4) and
The saturation currenf, of the photovoltaic cells that (g) and solving forE, at T = Tyay ONE gets:

compose the device depend on the saturation current density

of the semiconductor.Jy, generally given in[A/cm?]) and L Trmas T \3

on the effective area of the cells. The current densigy ( ]’O,H ) ( mr;x)

depends on the intrinsic characteristics of the photowolta g =—1n v

cell, which depend on several physical parameters such as exp (M) -1 @

the coefficient of diffusion of electrons in the semicondugct kT T
the lifetime of minority carriers, the intrinsic carrier rusty, ¢ (Th — Thay)
and others [7]. This kind of information is not usually
available for commercial photovoltaic arrays. In this pape
the nominal saturation currenky,, is indirectly obtained WHere s tmax = lscn + KiAr and Voc tmax = Voen +
from the experimental data through (5), which is obtainefivAT, With Ap = Thyax — T
by evaluating (2) at the nominal open-circuit conditionthwi o
V =Voen, I =0, andl,, = Iy p. D. Adjusting the model _ .
The value of the diode constantnay be arbitrarily chosen. _ WO Parameters remain unknown in (2), which d@eand
Many authors discuss ways to estimate the correct value 6f- A few authors h_ave proposed ways to mathematically
this constant [8], [L1]. Usuallyl < a < 1.5 and the choice determine these resistances. Although it may be useful to

depends on other parameters of fh&” model. Some values have a mathematical formula to determine these unknown
for a are found in [32] based on empirical analysis. As | aramett_ars, an?/ dexpressmn fthand Ry will always rely
says, there are different opinions about the best way tosgho n expenmenta .ata. Somg aut o.rls r[;')ropose "a”@!.‘@" 6}?

a. Because: expresses the degree of ideality of the diode ar#ﬁ)ratrl]ve process, mcrler;entlﬁgdunﬂ the -V c_urvehwsua y

it is totally empirical, any initial value of: can be chosen its t € exper!menta_ ata and t en vay, m_t_e same

in order to adjust the model. The value efcan be later fasl_mon. This is a quite poor and maccgrate fitting methqd,
modified in order to improve the model fitting if necessar'ﬁna'nIy becausd?, and i, may not be adjusted separately if

This constant affects the curvature of thd” characteristic & good/-V model is desired.

and varyinga can slightly improve the model accuracy. This paper proposes a method for adjustiig and R,
based on the fact that there is an only pdiRs,R,}

C._Improving the model _ _ . _that warranties thatP,axm = Prnaxe = Vinplmp at the

The photovoltaic model described in the previous secthmfmp’[mp) point of theI-V curve, i.e. the maximum power
can be improved if equation (4) is replaced by: calculated by the-V model of (2), Puax.m, is €qual to the
I KA maximum experimental power from the datashdef,, . ,

_ sc,n+ IaT . . . ’ .

Iy = Vo T ROA (6) at the maximum power point (MPP). Conventional modeling

exp <°CHVT> -1 methods found in the literature take care of th& curve

aVi but forget that theP-V (power vs. voltage) curve must

This modification aims to match the open-circuit voltagematch the experimental data too. Works like [26], [39] gave
of the model with the experimental data for a very large rangétention to the necessity of matching the power curve but
of temperatures. Eq. (6) is obtained from (5) by includingith different or simplified models. In [26], for example eth
in the equation the current and voltage coefficieiits and series resistance of the array model is neglected.

Ki. The saturation curreniy is strongly dependent on the The relation betweerRs and R, the only unknowns of
temperature and (6) proposes a different approach to expré, may be found by makin@max,m = Pmax,. and solving
the dependence of, on the temperature so that the nethe resulting equation foRg, as (8) and (9) show.
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Fig. 4. P-V curves plotted for different values dts and R,,. Fig. 5. Pmax,m VS. V for several values of?; > 0.

[ V:26.3
S\ v

Pmax7m = MPP
_ B 4 Vip+ Relmp | I
= Vinp {Ipv Iy {exp (kT N, I ) |
 Vap + Ry } _ P O S P
R, ’
3k : : : : :
R, = an(v;np(—;ImpR;)/R : o
mp T {mplts) ¢ T
{ VmpIpv — VmpIO exp |:W kﬂ_,:| + (9) . ‘ ‘ : : : : |
5 20 25 30 35

0 5 10 1
+‘/mpIO - Pmax,e }

Eqg. (9) means that for any value @ there will be a
value of R, that makes the mathematical’ curve cross
the experimenta(Vy,p, Imp) point.

I'[A]

VIVl

Fig. 6. I-V curves plotted for different values @ts and Ry,.

E._lterative solution ofR, and R,, The iterative method gives the solutiddy = 0.221 Q2 for

The goal is to find the value aRs (and henceR,) that the KC200GT array. Fig. 5 shows a plot &%, . as a
makes the peak of the mathemati¢al” curve coincide with function of V for several values ofz.. There is an only

the gxperimental_ peal_< power at theup, Irp) point. This point, corresponding to a single value &%, that satisfies
requires ;evergl iterations unfityax m = Pmax,c.. the imposed conditioPuax.m = Viapunp at the (Viup, Lunp)
In the iterative process?; must be slowly incremented point. Fig. 7 shows a plot of, as a function ofR. for
starting from R, = 0. Adjusting the P-V curve to match ; _ andV — V.. This ;)nlacb))?ns]hows thaf?. — 0 25219
. . . . — ‘mp — Vmp- s — Y-
the experimental data requires finding the curve for sevefalye desired solution, in accordance with the result of the

values of B, and R,. Actually plotting the.curve -is ”Ot,iterative method. This plot may be an alternative way for
necessary, as only the peak power value is required. F'%Faphically finding the solution foR..
4 and 6 illustrate how this iterative process works. In Fig. °

as R, increases thé-V curve moves to the left and the peak

power (Prax.m) goes towards the experimental MPP. Fig. 5 2200
shows the contour drawn by the peaks of the power curves 218
for several values ofR; (this example uses the parameters 216]
of the Kyocera KC200GT solar array [40]). For eve¢V 214l
curve of Fig. 4 there is a correspondidgV’ curve in Fig. a1al
6. As expected from (9), all-V' curves cross the desired 2 210l
experimental MPP point 8/np, Imp)- % sl
Plotting the P-V and I-V curves requires solving (2) for & sl
I €0,Is) andV € [0, Voen]. Eq. (2) does not have a direct
solution becausd = f(V,I) andV = f(I,V). This tran- o '
scendental equation must be solved by a numerical method o B
and this imposes no difficulty. Thé-V points are easily M o1 o2 o8 o4 05 08 07
obtained by numerically solving(V,I) = I — f(V,I) =0 R. [0
for a set ofV values and obtaining the corresponding set of
I points. Obtaining theP-V points is straightforward. Fig. 7. Pmax = f(Rs) with I = Innp and V' = Vip,.
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V0
1:8.21

V:26.3
1:7.61

TABLE I
Parameters of the adjusted model of the
KC200GT solar array at nominal
operating conditions.

I[A]

15 20 25 30 35

ViV

Fig. 8. I-V curve adjusted to threemarkable points
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1601
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P w]

<
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[ I :
Vi26.3
P:200.1

ViV

Fig. 9. P-V curve adjusted to threeemarkable points

Figs. 8 and 9 show thd-V and P-V curves of the

Imp 7.61A
Vinp 26.3V
Prax,m 200.143W
Isc 8.21 A
Voc 329V
Io,n 9.825-10~% A
Tov 8214A
a 1.3
R, 415.405 )
R 0.221Q2
Inputs: T, G
Iy , eq. (4) or (6)
R;=0
Rp = Rp,rninr €q. (11)

END €Pmax > tol
no

yes

Iy n s €4. (10)
I, and I, eq. (3)
Ry, eq. (9)
Solve eq. (2) fol0 <V < Ve
CalculateP for 0 <V < Vien
Find Ppax

€Pmax = HPmax - max,e”

IncrementRg

Fig. 10. Algorithm of the method used to adjust thé&” model.

KC200GT photovoltaic array adjusted with the proposed

method. The model curvesxactly match with the experi-
mental data at the threemarkable pointprovided by the
datasheet: short circuit, maximum power, and open circuit. Ry

Byt By (10)

Ipv,n =

Table | shows the experimental parameters of the arrayEq. (10) uses the resistancls and R, to determinel,,, #
obtained from the datasheeet and Table Il shows the adjusted The values of?; and R,, are initially unknown but as the
parameters and model constants.

F. Further improving the model
The model developed in the preceding sections may berrentl,, taking in account the influence of the series and

further improved by taking advantage of the iterative sotut parallel resistances of the array. Initial guessesiipand i,

of R and R,,. Each iteration updateB, and R, towards the are necessary before the iterative process starts. Thal init

best model solution, so equation (10) may be introduced alue of R may be zero. The initial value ok, may be

the model.

TABLE |

Parameters of the KC200GT solar
array at 25°C, 1.5AM, 1000 W /m?2.

Imp 7.61 A

Vinp 263V
Praxe  200.143 W
Toc 821A

Voo 329V

Ky —0.1230 V/K
K 0.0032 A/K
N 54

Eletronica de Poténcia, vol. 14, no. 1, Fevereiro de 2009

solution of the algorithm is refined along successive itenat
the values ofR, and R, tend to the best solution and (10)
becomes valid and effectively determines the light-getedra

given by:

‘/Inp ‘/oc,n - ‘/Inp
Rp,mln B Isc,n - Imp Irnp (11)
Eqg. (11) determines the minimum value &f, which is
the slope of the line segment between the short-circuit and
the maximum-poweremarkable pointsAlthough R, is still
unknown, it surely is greater thaR, i, and this is a good
initial guess.

G. Modeling algorithm
The simplified flowchart of the iterative modeling algo-
rithm is illustrated in Fig. 10.
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KYOCERA KC200GT - 1000 W/m?

9
H KYOCERA KC200GT - 25°C
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2L
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Fig. 11. I-V model curves and experimental data of the v
KC200GT solar array at different temperatures, ] V] ]
1000 W/m?. Fig. 12. I-V model curves and experimental data of the

KC200GT solar array at different irradiatior; °C.

[1l. VALIDATING THE MODEL

As Tables | and Il and Figs. 8 and 9 have shown, the de-
veloped model and the experimental data are exactly matched SOLAREX MSX60 - 1000 Wit
at the nominalremarkable pointsof the I-V curve and as ‘ ‘ ‘
the experimental and mathematical maximum peak powers
coincide. The objective of adjusting the mathemati¢al
V curve at the threaemarkable pointswas successfully
achieved.

In order to test the validity of the model a comparison with <
other experimental data (different of the nominainarkable =
pointg is very useful. Fig. 11 shows the mathematidal
V' curves of the KC200GT solar panel plotted with the
experimental data at three different temperature comtitio
Fig. 12 shows the/-V curves at different irradiations. The
circular markers in the graphs represent experime(ital)
points extracted from the datasheet. Some points are not
_exactly matched because th_e model is_n_ot perfect, althctungg. 13. I-V model curves and experimental data of the MSX60
is exact at theemarkable pointsaind sufficiently accurate for solar array at different temperaturd$00 W /m?.
other points. The model accuracy may be slightly improved
by running more iterations with other values of the constant
a, without modifications in the algorithm.

Fig. 13 shows the mathematicAlV" curves of the Solarex
MSX60 solar panel [41] plotted with the experimental data at
two different temperature conditions. Fig. 14 shows &

vV IV]

SOLAREX MSX60 - 1000 W/m?
T T

curves obtained at the two temperatures. The circular msrke sl

in the graphs represent experimer(té] /) and(V, P) points

extracted from the datasheet. Fig. 14 proves that the model a0} 75°C
accurately matches with the experimental data both in the_

current and power curves, as expected. E 30

IV. SIMULATION OF THE PHOTOVOLTAIC ARRAY
The photovoltaic array can be simulated with an equivalent

201

circuit model based on the photovoltaic model of Fig. 1. Two 1or
simulation strategies are possible.
Fig. 15 shows a circuit model using one current source K 5 10 5 20 °

(/m) and two resistors K and R,). This circuit can be V V]

implemented Wlth. any circuit simulator. The vglue of th(?:ig. 14. P-V model curves and experimental data of the MSX60
model currentl,, is calculated by the computational block solar array at different temperaturé$i00 W /m?>.

that hasV, I, I, and I, as inputs.l, is obtained from

(4) or (6) andl,, is obtained from (3). This computational
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I
Ry — —

NV T
:
R, v v
vi|I vV
. . {e (V+ RSI) 1_ 1. Numerical solution of eq. (2)
pv — 10 Xp -
Via 1 =1 Fig. 16. Photovoltaic array model circuit with a controlled
) ] . current source and a computational block that solves the
Fig. 15. Photovoltaic array model circuit with a controlled I-V equation.
current source, equivalent resistors and the equation of
the model currentf,).
o
block may be implemented with any circuit simulator able to J 1 Fe
evaluate math functions. : :
o v F7
Fig. 16 shows another circuit model composed of only @ ’ F m =— @V
one current source. The value of the current is obtained by 47 Tenme
numerically solving thd-V equation. For every value 6f a 1 D/
corresponding that satisfies thé- equation (2) is obtained. | im .

The solution of (2) can be implemented with a numerical

Inputs:
method in any circuit simulator that accepts embedded pro- "

gramming. This is the simulation strategy proposed in [42]. m o “
Other authors have proposed circuits for simulating photo- ™™™ sy

voltaic arrays that are based on simplified equations and/ol
require lots of computational effort [12], [26], [27], [43]n
[12] a circuit-based photovoltaic model is composed of a
current source driven by an intricate and inaccurate egpati
where the parallel resistance is neglected. In [26] anciatei
PSpice-based simulation was presented, wherd-fieecqua-
tion is numerically solved within the PSpice software. Al-
though interesting, the approach found in [26] is exce$give
elaborated and concerns the simplified photovoltaic model
without the series resistance. In [27] a simple circuitdaohs
photovoltaic model is proposed where the parallel resigtan
is neglected. In [43] a circuit-based model was proposed
based on the piecewise approximation of thé curve.
Although interesting and relatively simple, this metho®][4
does not provide a solution to find the parameters of/thé
equation and the circuit model requires many components.
Figs. 17 and 18 show the photovoltaic model circuits im-
plemented with MATLAB/SIMULINK (using the SymPow-
erSystems blockset) and PSIM using the simulation strateg)
of Fig. 15. Both circuit models work perfectly and may be
used in the simulation of power electronics converters for
photovoltaic systems. Figs. 19 and 20 show Ik¥ curves
of the Solarex MSX60 solar panel [41] simulated with the

MATLAB/SIMULINK and PSIM circuits. Fig. 17. Photovoltaic circuit model built with
MATLAB/SIMULINK.

Calculation of Im = Ipw-1d:

V. CONCLUSION

This paper has analyzed the development of a method
for the mathematical modeling of photovoltaic arrays. Theoltage/temperature coefficients. This paper has propased
objective of the method is to fit the mathematichll” effective and straightforward method to fit the mathemética
equation to the experimentaémarkable pointsof the I-V  I-V curve to the thre€V, I) remarkable pointsvithout the
curve of the practical array. The method obtains the parameed to guess or to estimate any other parameters except the
eters of thel-V equation by using the following nominaldiode constant.. This paper has proposed a closed solution
information from the array datasheet: open-circuit vadtagfor the problem of finding the parameters of the single-
short-circuit current, maximum output power, voltage andiode model equation of a practical photovoltaic array.eDth
current at the maximum power point, current/temperatuce aauthors have tried to propose single-diode models and meth-
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Fig. 18. Photovoltaic circuit model built with PSIM.
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Fig. 20. I-V curves of the model simulated with PSIM.
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Fig. 19. I-V curves of the model simulated with
MATLAB/SIMULINK.
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ods for estimating the model parameters, but these methods
always require visually fitting the mathematical curve te th
1-V points and/or graphically extracting the slope of the

V curve at a given point and/or successively solving and
adjusting the model in a trial and error process. Some asithor
have proposed indirect methods to adjust th& curve
through artificial intelligence [15], [44]-[46] and intestation
techniques [25]. Although interesting, such methods atte no
very practical and are unnecessarily complicated and requi
more computational effort than it would be expected for this
problem. Moreover, frequently in these modéts and R,

are neglected or treated as independent parameters, vghich i
not true if one wish to correctly adjust the model so that
the maximum power of the model is equal to the maximum
power of the practical array.

An equation to express the dependence of the diode
saturation currenf; on the temperature was proposed and
used in the model. The results obtained in the modeling of
two practical photovoltaic arrays have demonstrated that t
equation is effective and permits to exactly adjust fh¥&
curve at the open-circuit voltages at temperatures diftené
the nominal.

Moreover, the assumptiod,, ~ I, used in most of
previous works on photovoltaic modeling was replaced is thi
method by a relation betwedp, andl;. based on the series
and parallel resistances. The proposed iterative method fo
solving the unknown parameters of tiid/” equation allows
to determine the value af,,, which is different of/.

This paper has presented in details the equations that
constitute the single-diode photovoltaiel” model and the
algorithm necessary to obtain the parameters of the eqguatio
In order to show the practical use of the proposed modeling
method this paper has presented two circuit models that
can be used to simulate photovoltaic arrays with circuit
simulators.

This paper provides the reader with all necessary informa-
tion to easily develop a single-diode photovoltaic arraydeio
for analyzing and simulating a photovoltaic array. Proggam
and ready-to-use circuit models are available for download
at: http://sites.google.com/site/mvillalva/pvmodel.

APPENDIX - ASSOCIATION OF PV ARRAYS

In the previous sections this paper has dealt with the
modeling and simulation of photovoltaic arrays that are
single panels or modules composed of several intercorthecte
basic photovoltaic cells. Large arrays composed of several
panels may be modeled in the same way, provided that
the equivalent parameters (short-circuit current, ogesuit
voltage) are properly inserted in the modeling process. As
a result, the equivalent parameters (resistances, csyreta
of the association are obtained. Generally experimenta da
are available only for commercial low-power modules and
this is the reason why this paper has chosen to deal with
small arrays. The term array has been used throughout this
paper to mean small commercial photovoltaic modules or
panels. This appendix shows how to model and simulate large
arrays composed of several series or parallel modules., Here
unlike in the rest of this paper, module and array have distin
meanings.

Eletronica de Poténcia, vol. 14, no. 1, Fevereiro de 2009



I I
— Rs Nscr/Npar +—>_
® T P (N
IP"T% 3 i illd §RpNser Vv v T
3 3 3 i Nié‘r
CJP %Z V+RS< s )1
LN — ToNows exp | —— NNoar/ |y o
pv par par ‘/taNscr e IO
I
AN——
(b) R/N, Fig. 22. Model circuit of array composed &ser X Npar
S ar
LiNyar ’ modules.

T NTCDCDSZSZl §Rp/Npar \%

pvi¥par [ ______[__ [N N
The photovoltaic array can be simulated with the modified

I-V equation (12). The simulation circuit presented previ-

ously must be modified according to the number of associated

I modules. TheV, and Ny, indexes must be inserted in the
© 1 — 11 MW model, respecting equation (12), as shown in Fig. 22.
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