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ANALYTICAL DETERMINATION OF THE PHOTOVOLTAIC MODULE
MAXIMUM POWER POINT PARAMETERS BASED ON THE MANUFACTURER'S
DATASHEET

The analytical approach to predict the maximum power point parameters of photovoltaic module at
varying operating conditions such as temperature and solar irradiation level is proposed. Input data for
calculations are standard module parameters from manufacturer's datasheet only. Analytical expressions for
current, voltage, and power at maximum power point have been obtained via the Lambert W function.
Calculation of the maximum power point electrical parameters for several photovoltaic modules realized by
proposed approach shows, in general, good accuracy in maximum power point determination, which is
comparable with more complicated models, except the case of thin-film modules.
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XepcOHChKHII HALIOHAIBHUH TEXHIYHUN YHIBepcHTETa

AHAJIITUYHE BUSHAYEHHS ITAPAMETPIB TOYKA MAKCUMAJIBHOI TOTYKHOCTI
OOTOEJEKTPUYHHUX MOJAYJIB HA OCHOBI KATAJIOI'IB BUPOBHHUKIB

B po06oTi 3ampornoHOBaHO aHATNITHYHMN MIIXiJ A0 BU3HAYEHHS MapaMeTPiB TOYKH MaKCUMaJbHOL
MOTY)KHOCTI (DOTOECNIEKTPUYHOIO MOAYJsl TPH pPI3HUX YMOBaxX eKCIUTyaTalil, TakuxX SK Temmeparypa i
IHTEHCHUBHICTh COHSYHOTO BHITPOMIHIOBaHHS. BUXiZHUMM NaHMMH AJsL PO3PAXYHKIB € CTaHIApPTHI MapaMeTpu
MOJIyJIsl, IO HABOJSATHCS Y KaTajlorax BUPOOHHKIB. AHAIITHYHI BUPA3H Ul CTPYMY, HAIIPYTH Ta MOTYKHOCTI B
TOYII MaKCUMAJIbHOI MOTYXHOCTI Oymu orpuMaHi yepe3 W-dynkmito Jlambepra. [IpoBenernii 3a JOIOMOTO0
3aIPOIMIOHOBAHOrO MIAXOAY PO3PaxXyHOK CIEKTPHYHHX IapaMeTpiB B TOYL MAaKCUMAIBHOI HOTYXKHOCTI IS
HHM3KH (DOTOCNEKTPUYHHUX MOJYJIB TO0Ka3aB, B LIJIOMY, BUCOKY TOYHICTh y BH3HAYCHHI TOYKH MaKCHMAaJbHOI
HOTY)KHOCTI TIOpIBHSHO 3 BUKOPUCTAHHSM CKJIQIHIIIAX MOJENei, 32 BUHATKOM BHIAJKy TOHKOILTIBKOBHX
MOJYJIiB.

KitrouoBi croBa: (hoTOENEKTPUIHI MOy, TOYKAa MaKCHMaIbHOI MOTYXHOCTI; W-(hyHKIis JlambepTa.

E.A. BAT'AHOB, B.B. KYPAK, E.B. AHIPOHOBA, B.A. TPAMOB

XepcoHCKMI HAllMOHANBHBIA TEXHUYECKUI YHUBEPCUTET

AHAJIMTUYECKOE OIIPEJEJTEHUE TAPAMETPOB TOYKHA MAKCHUMAJILHOM MOIIHOCTH
DOTOJNEKTPUYECKHUX MOAYJIEM HA OCHOBE KATAJIOI'OB TPOU3BOJUTEJIEU

B pabome npeodnosicen anarumuueckuti no0xo0 K ONpedeseHur0 napamempos mouku MaKCUMAanibHOU
MOWHOCIU (POMOINEKMPULECKO20 MOOYJIAL NPU PASIUYHBIX VCIOGUSX IKCHIYAMAYUY, MAKUX KaK memnepamypa
U UHMEHCUBHOCMb CONMHEYHO020 Uu3iyyenusi. McxoOHvimMu Oanubimu Oisl pacyemos sGIslOmcs CHAaHOapmHble
napamempvl MOOYJisl, NPUSOOUMbBIE 8 KAMAL02aX Npouzsooumene. Anamumuyeckue GulpanceHust Oisi MoKd,
HANPSIAHCEHUSL U MOWHOCIU 8 MOYKe MAKCUMATbHOU MOUWHOCMU Obliu noyueHsl uepes W-gynurxyuio Jlambepma.
Iposedennviti ¢ NOMOWBIO NPEONONCEHHO20 NOOXO0A pAcHem INEeKMPUYECKUX RAPAMEempos 6 MOUKe
MAKCUMATLHOU MOWHOCIMU 0TI p0a OMOINEKMPUUECKUX MOOYIell NOKA3A, 8 YelOM, XOPOULYI0 MOYHOCHIb 6
onpeodenenur Mo4YKU MAKCUMALbHOU MOWHOCMU HO CPABHEHUIO C UCHOIb308AHUEM DOJlee CLOACHBIX MoOeel, 3d
UCKTIOYEHUEM CLYYAsl MOHKONJEHOYHBIX MOOYIel.

Knouesvie cnosa: omosnexmpuyeckue MoOyib, MOUKA MAKCUMATbHOU MmowHocmu, W-gynxyus
Jlambepma.
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Formulation of the problem

Mathematical modeling is one of the tools used in the design process for optimization of the technical
and economic parameters of electric power supply solar systems and determination of the optimal proportion of
photovoltaic power generation in hybrid systems.

The most important component of the mathematical model of a photovoltaic (PV) system is a model of
PV module, which, on the one hand, should reflect PV module parameters with sufficient accuracy at variable
external conditions, i.e. at different temperatures and levels of solar irradiation and, on the other hand, should not
require significant amount of computations. The last requirement is especially important for long-term modeling
of photovoltaic system operation and it is satisfied in the best way by analytical solution.

Analysis of last investigations and publications

In most cases, when the energy simulation of photovoltaic system is realized, PV module operation is
taken at maximum power condition, assuming that maximum power point (MPP) tracker is used in the system
[1-3]. PV module data from manufacturer's datasheet are taken as input.

Based on the outcomes and objectives of model of PV module the approaches to PV module modeling
can be divided into three categories: (i) definition of current-voltage (I-V) characteristic equation, (ii) definition
of some important points of I-V characteristic, including MPP, and (iii) definition of PV module maximum
power only.

The methods of the first category, presented, for example in [4, 5], are widely used now and keep on
improving. However, the main disadvantage of such methods for MPP parameters determination is the necessity
of the numerical solution of the transcendental equations system that results in significant computation amount
for long-term modeling of photovoltaic systems.

In [6] the exact analytical explicit expression of I-V characteristic for single-diode model of PV cell
using the Lambert W function was obtained. However, in this case the solving of transcendental equations is also
required to determine such MPP parameters as voltage, current, and maximum power.

Model of King [7] represents the second category. This model accurately predicts MPP parameters, but
it requires some incoming parameters that are normally not available from the manufacturer’s datasheets [4].

The third category is represented, for example, by the model of maximum power definition based on the
determination of the fill factor dependence on temperature and solar irradiance [8]. However, the values of short
circuit current, open circuit voltage and MPP current and voltage under two levels of solar irradiance and two PV
module temperatures are needed to realize this model. In addition, it is not possible to determine operational
values of MPP voltage and current, which are required to PV system simulation when DC-DC converter,
inverter, and other components of the system are taking into account.

The purpose of the investigation

The purpose of the investigation is to develop non-iterative analytical approach to predict the MPP
parameters of PV module under varying operating conditions using only standard parameters from
manufacturer's datasheet as input data.

Statement of the basic material of the investigation

A single-diode model of PV cell with ideality factor A corresponds to equivalent circuit presented in
Fig. 1.

Rs
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|ph]@ |dl§Z |shmRsh U u |1HR|

Fig. 1. The equivalent circuit of single-diode PV cell model

The load current is defined as
I:Iph_ld _Ish

where 1y, is the photocurrent of charge carriers generated by solar irradiation;
l4 is the forward-biased p-n junction current;
Is, is the shunt current of PV cell.
Last two currents are determined by the expressions:
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where V, =KkT/q. is the thermal voltage;
e = 1,6:10™"° C is the electron charge;
k =1,38-10% J/K is the Boltzmann's constant;
T is the absolute temperature of a PV cell;
lo is the reverse saturation current of the p-n junction;
U, is the voltage applied to the p-n junction;
Rqn is the shunt resistance of a PV cell.
Then

()
I P P Y @)
sh
The load voltage can be defined as
U=U,-IR,, )
where R is the series resistance of a PV cell.
The MPP current will be found under condition of the maximum power transfer to the series-connected

load resistance R, and PV cell series resistance Rs. The correctness of such approach will be discussed below.
The power that is transferred to R and R, is

Y

P=U,l= |ph+|0—|oe[AV‘j—i U,
Rsh

Then

)
LIRS TR I A
ou, AV, | Ry,

If this expression is put to zero, then:

Uln
lon+ 1o s Uy, =(1+ Ui, je[Ath

Iy Rsnlo AV,

®)

where Uy, is the voltage applied to the p-n junction at MPP.
With the introduction of variable z=U,,/V;A and multiplication of left and right hand parts by e Eq.

(3) can be written as

e Iph+ |0 _eZVTA =(1+Zk(1+z)
IO RshIO

The solution of this equation can be expressed using Lambert W function Wq(x) [9]:
I+
7=Wle P 0 PAAZ I o)
I Ranll pn+10)

187




BICHUK XHTY M 4(59), 2016 p. MATEMATHYHE MOJE/IIOBAHHA ®I3H9YHUX 1
TEXHOJIOI'TYHUX IIPOLECIB I TEXHIYHHUX CUCTEM

Eq. (4) is transcendental relatively to z, and, hence, to Uy,. This equation can be simplified taking into
account that the shunt resistance has a significant impact on the I1-V characteristic of PV cell at low voltages only
[10], when the diode current 14 is small, and PV cell efficiency is practically insensitive to variations of Ry, [11].
At the MPP U;, >> AV, and considering the order of Ry, for standard PV module

Uin
Iy~ Y >> lgnn =U1, /Ry - Then, as Iy, > Ig,, and therefore, I, >> Ig o:
VAL Uy, 2l shn

- - 1,
Ranllpn +10)  Renllpn+1o) (1 ph+|0)<< ®)

that makes possible to consider the expression in the square brackets of Eq. (4) is close to one.

Therefore, to simplify the further model the value of Ry, will be considered infinitely large (Rg, — ).
Such consideration is additionally justified for mostly series connection of PV cells in the PV module [8] mainly
realized by manufacturers. Also, due to U,, >> AV, the diode current Iy, >> lo and at MPP the reverse saturation
current of p-n junction |y can be neglected compared to the photocurrent 1. Then, Eq. (4) can be written as

z =w0[elﬂj—1,
IO
Uy, :VtA{WO{eIILhJ—lj. (6)
0

Substitution of Eq. (6) in Egs. (1) and (2) gives the explicit analytical expressions for the load voltage
and load current at MPP:

and, hence,

%FFP %
lo=lpn—lge * 7,

n

U, =Uy, — 1R, (®)
Maximum power of PV cell at these parameters:

Po=1Un. 9)
Then the PV module parameters can be expressed as:

IanIan;Unm:UnNs;anZInUanNS' (10)

The correctness of the used above approach to MPP parameters determination based on the condition of
the maximum power transfer to the series-connected R, and R, will be estimated in this part of paper.

In [8] the dependence of fill factor FF of PV module with parasitic resistances on the fill factor FF, of
ideal PV module without resistive effects is given. The dependence can be used for one PV cell:

R
FF = FFO(l——S J 11)
UOC / ISC
where  Uoc and Ipy ¢ are the open circuit voltage and the short circuit current of PV cell respectively.
Considering that the product U,,I, is the maximum power for the ideal PV cell, expression (11) can be
rewritten as:

1Yy _ IhU1n {1_ Rs j
ISCUOC ISCUOC UOC / ISC
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or taking into account Eq. (7)

R
Uy, -1,R. =U; |1-—3— |,
In n's 1n( UOC/ISCJ

from which
Uy Yo
—an 7Ot (12)
In ISC

Verify if obtained expressions for Uy, and |, based on the condition of the maximum power transfer to
the series-connected R and R, are identical to Eq. (12). In [12] the approximation of the Lambert W function for
large values of the argument is presented:

2
W)= Ly L+ 24 L, -2) L,(212 -9L, +6)+

L 212 6L
3 2 5
. L2(3L2 —22L2;+36L2 —12)+O Ll
1214 Ly

where L; =Inxand L, = Ininx.
Due to the high value of ratio Iy/l, and, consequently, a large value of argument x=elph/l0 , the

approximation can be confined within the first two terms of the series. Then, from Egs. (6) and (7):

I | I | |
Y =Wo| e—2 |—1~Inle—" |—Inln| e—2" |—1=1In| -2 |~ InIn[ e-22 |=
VA Iy Iy Iy Iy Iy

|
| In| 1+In Iih (13)
:m{ﬂ L))

I0 I h
In _ph
IO
Ion I'on
In el— —Inin el— -1
0 0
— 1€

=|ph_|0—|_ p (14)
In(eph]
lo

Open circuit voltage at Ry,—o0 [13]:

Ioh
0

Substitution of Egs. (13-15) in the Eq. (12) taking into account Iy=/py cen gives:

A

(e [T

At significant levels of photocurrent 1,,,/15 — oo obtained equation turns into identity. This means that

the proposed approach to determination of MPP parameters based on the maximum power transfer to the series-
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connected Ry and R, correctly describes the influence of R, on the fill factor and, thus, on the maximum power of
PV cell, if the condition 1,,,/15 — oo takes place, i.e., at a sufficiently high level of solar irradiation.

The basic parameters provided by manufacturers in PV module datasheets are the current (l,,,) and the
voltage (U,n) at MPP, the open-circuit voltage Uocn, and the short-circuit current lpy cenm, generally, under
standard test conditions (STC), as well as the relative temperature coefficients of the short-circuit current (B,SC )

open-circuit voltage (By__) and maximum power (Bp ).

To take into account the MPP dependence on the solar irradiation level and temperature the value of
low/lo in Egs. (6) and (7) can be expressed as a function of short-circuit current and open-circuit voltage.
Dependence of Ry on PV module operating conditions has insignificant effect on I-V characteristic [4], so R; is
accepted as independent on temperature and solar irradiation level, i.e. Rs = R rer, where “ref” means reference
conditions (STC). Ideality factor is also considered as a constant value [4, 8, 14], A = At

From Eg. (1) at the open-circuit mode, taking into account Ry, — 00,1, >> 1, it can be obtained:

UOC

U
oc _ _ ViA _
=1,,—1,e™"" =0,

Uoc
VA

IO == I phe
Then:

I UOC
ph —e VA

I0
and taking into account temperature coefficients:

quOCm,ref (lJrBUoc (T 7Tref ))

_bh _ e Ns Args KT , (16)

lo

quOCm,ref (1+BUQC (T _Tref ))

Iy = Iphe N At KT , 7)

where T and T, are the PV module operation temperature and temperature at reference conditions
respectively.

The photocurrent dependence on temperature and solar irradiation level can be considered according to
the following expression [15]:

I ph = I ph,ref Gi(l‘*'ﬁlsc (T —Tret ))’ (18)

ref

where Gy and G are the solar radiation intensities at the reference and PV module operation conditions
respectively;

Ioh, ref IS the photocurrent at the reference conditions.

Then substitution Eq. (10) into Eq. (5) results in:

quOCm,ref (1+BUO(; (T _Tref ))+1

KT
Ui =y Avr| W € NoAa kT -1|. (19)

e

After substitution of Eq. (19) into Eqg. (7) and taking into account Eqgs. (17) and (18) the explicit
analytical expression for the load current at MPP can be found:
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qu OCm,ref (1+BUOC (T _Tref ))
Ng Aret KT

Ns Aref kT

deYocm, ref (1+|3U0c (T’Tref )) lJ
1

Wo[e
In = Iph,ref Gi(l"'ﬁlSC (T _Tref) 1-e

ref

(20)

Then using Egs. (20), (8) and (9) the analytical expressions for the PV cell voltage and power at MPP
can be obtained.

To realize the calculations according to the Egs. (19), (20) and (8) - (10) it is necessary to determine
such parameters as lpnrer, Rsrer @nd A at reference conditions. Based on the accepted assumption Ry, — o the
PV cell model is reduced to a four-parameter model for which [10]:

Iph,ref = ISCm,ref /Np;
N pU nm,ref _ N pAref I(Tref

Ns I nm,ref Qe(l SCmref — Inm,ref )1
q(ZUnm,ref _UOC,ref)

| | .
nm,ref nm,ref
NKT o | ™€ 4 n[1—"Mre
ISCm,ref - Inm,ref ISCm,ref

PV module temperature can be estimated from the expression [1]:

R

s,ref —

Aref =

n Tnoct —20°C G
800

where T, is the ambient temperature;

Tnocr is the PV module temperature at normal operating cell temperature (NOCT) conditions also given
in manufacturer’s datasheet.

To test the accuracy of the proposed approach the calculations of the maximum power P, at different
temperatures and solar irradiation levels for several types of silicon PV modules were carried out. The results of
calculations marked as “LambF” are shown in Table 1. Operation conditions of PV modules, the experimentally
determined power values from a building integrated photovoltaic facility at the National Institute of Standards
and Technology (NIST), as well as the calculation results obtained in accordance with the King’s (King) and the
five-parameter (5-param) models of PV module, presented in the same table, as well as required input data were
taken from [4].

In Table 2 the relative deviations of calculated results from experimentally determined maximum power
values are shown for corresponding models.

As can be seen from Table 2, the results obtained by means of the proposed approach quite correctly
describe the behavior of monocrystalline and polycrystalline silicon PV modules.

As regards the thin film PV modules, in the case of proposed approach the deviation is 5.01% at a solar
irradiation intensity of 696 W/m? and rises to 26.4% when intensity decreases to 189.8 W/m Thus, at the
intensity of 189.8 W/m? the accuracy of proposed approach is three times worse than for the King’s model and
two times worse than the accuracy of 5-parametric model. This result can be connected with incorrect value of R
in the case of the thin-film PV modules. It was found the R, value obtained from the Eq. (15) is negative that can
be explained by incorrect assumption Ry, — oo for thin-film PV modules. The relatively low value of Ry, for thin-
film PV cell results in the failure of inequality (5) especially at low solar irradiation level when, according to our
estimation, the left side of inequality (5) reaches 0.6. Besides, at low irradiation levels (and, hence, at low Iy,
values) the Eg. (12) is not held exactly for proposed approach that results in discrepancy between the
experimental MPP parameters and calculated ones.

Also the proposed approach was tested by calculation of I, U., and Py, values for NOCT conditions
basing on STC data for PV modules, which datasheets contain parameters at STC and NOCT conditions. In
addition, the maximum power temperature coefficient 3, was calculated. Comparisons of the calculated MPP

parameters with their datasheets values, as well as corresponding relative deviations of parameters are shown in
Table 3.
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Table 1

Results of the maximum power calculation in comparison with experimental data at variable operating

conditions, W

G, W/m* 1000.0 882.6 696.0 465.7 189.8
Type of PV module [P Ll 250 39.5 47.0 322 36.5
NIST, [4] 133.4 109.5 80.1 62.7 23.8
Monocrystalline King, [4] 133.4 111.4 82.0 61.1 22.5
silicon PV module 5-param, [4] 133.4 110.6 82.4 61.0 22.3
LambF 133.4 109.8 83.9 61.2 24.7
NIST, [4] 125.8 106.8 77.4 56.6 21.2
Polycrystalline King, [4] 125.8 109.3 79.1 56.9 18.5
silicon PV module | 5-param, [4] 125.8 105.6 78.1 55.8 20.6
LambF 125.8 103.1 78.2 56.6 22.6
NIST, [4] 104.0 83.7 59.9 40.8 14.4
Thin-film silicon King, [4] 104.0 87.3 62.3 43.2 15.7
PV module 5-param, [4] 104.0 85.5 62.3 44.3 16.3
LambF 104.0 84.1 62.9 46.0 18.2

Table 2
Relative deviations of the calculated results from the experimental values of maximum power, %
G, W/m® 1000.0 882.6 696.0 465.7 189.8
Type of PV module O 25.0 395 47.0 32.2 36.5
Monocrystalline King 0 1.74 2.37 2.55 5.46
silicon PV module 5-param 0 1.00 2.87 2.71 6.30
LambF 0 0.27 4,74 2.39 3.78
Polycrystalline King 0 2.34 2.20 0.53 12.74
silicon PV module 5-param 0 1.12 0.90 141 2.83
LambF 0 3.46 1.03 0.00 6.60
Thin-film sili King 0 4.30 4,01 5.88 9.03
By e e 5-param 0 2.15 4.01 8.58 13.19
LambF 0 0.42 5.01 12.75 26.39

Table 3

Comparison of the calculated MPP parameters with PV module datasheets values at NOCT conditions

N PV Datasheet values Calculated values Deviation, %
arrn]]oed?jle Inm: Unm- an! BPn ! Inma Unma an! BF’“ ! | U P BP
A V W %/K A V W %/K nm nm nm n
1 2 3 4 5 6 7 8 9 10 11 12 13
Monocrystalline silicon PV modules
LG300N1K-
G4 7.38| 29.50| 218.00| -0.38| 7.46| 30.37| 226.68| -0.383| 1.14| 2.94| 3.98| 0.66
SW 270
mono 7.12| 28.30| 201.30| -0.45| 7.12| 28.54| 203.24| -0.432| 0.01| 0.86| 0.96| 3.92
YL300C-30b | 7.30| 30.30| 220.80| -0.38| 7.39| 30.31| 224.03| -0.376| 1.23| 0.05| 1.46| 1.17
Q.PEAK-G3
280 7.03| 29.60| 208.00| -0.42| 7.22| 29.39| 212.20| -0.409| 2.71| 0.71| 2.02| 2.65
Q.PEAK
BLK-G3250| 6.60| 27.92| 184.30| -0.43| 6.67| 27.97| 186.44| -0.419| 1.00| 0.18| 1.16| 2.58
JAMBG(L) 60-
290/PR 7.34| 28.89| 212.02| -0.41| 7.37| 29.62| 218.30| -0.412| 0.42| 2.52| 2.96| 0.55
JC250S-
24/Bb 6.57| 28.00| 184.00| -0.43| 6.70| 27.88| 186.67| -0.445| 1.93| 0.44| 1.45| 3,42
LDK-180D-
24 3.96| 32.80| 130.00| -0.47| 3.98| 33.11| 131.74| -0.482| 0.49| 0.93| 1.34| 2.51
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Continuation of the Table 3

1 | 2] 3] 4 | 5 6] 7 ] 8 ] 9 10 | 11 ] 12 ] 13
Average value| 1.11| 1.08| 1.92| 2.18

Polycrystalline silicon PV modules

STC 260P 6.80| 27.70| 189.00| -0.43] 6.92| 27.79| 192.44| -0.411] 1.83| 0.33] 1.82] 451

Q.PRO-G4
265 6.75| 29.01| 195.70| -0.41| 6.93| 28.50| 197.59| -0.423| 2.71| 1.75| 0.97| 3.05
TSM-250

PC/PAO5 6.70| 27.00| 181.00| -0.43| 6.67| 27.95| 186.29| -0.446| 052| 3.52| 2.92| 361

SW235poly | 6.28| 27.10| 170.40| -0.48| 6.31| 27.45| 173.27| -0.482| 0.51| 1.29| 1.68| 0.35

WSP-260P6 | 6.74| 28.21| 190.14| -0.43| 6.75| 29.04] 196.14| -0.416) 0.19| 2.96| 3.15] 3.36

YL245P-29b | 6.54| 27.20| 177.90| -0.45| 6.57| 27.71| 182.17| -0.449| 0.52| 1.87| 2.40| 0.26

INE-255-
6PB 6.74| 28.10] 190.00] -0.41] 6.77| 28.34| 191.98]| -0.401] 0.50| 0.86| 1.04| 231

JT300PMe 6.30| 34.30] 215.90| -0.43| 6.37| 34.84| 221.91| -0.437| 1.11] 157 2.78] 1.53

EX260P-60 7.03| 28.00| 196.90| -0.44| 6.91| 28.24| 195.19| -0.443| 1.68| 0.85| 0.87| 0.16
Average value| 1.06| 1.67| 1.96| 2.13
Thin-film silicon PV modules

162.9
GS STFS 3.60| 30.80| 111.00| -0.21] 3.49| 29.37] 102.65| -0.552| 2.93| 4.63| 752|0
68.9
U-EA 100 1.53| 48.80] 74.40| -0.35| 1.44| 48.53| 69.88] -0.591) 5.88| 0.56| 6.07 3
66.3
TW-TF130 | 0.80] 122.80] 99.00| -0.29) 0.75| 122.71] 91.47| -0.483| 6.24| 0.07| 7.61 9
99.4

Average value| 5.02| 1.75| 7.07 1

As can be seen from Table 3, the proposed approach provides correct description of the MPP behavior
for several monocrystalline and polycrystalline PV modules at variable temperature and irradiation conditions.
However, in the case of thin-film PV modules the significant discrepancies between the calculated and
experimental values take place as before.

Conclusions

1. Analytical expressions for PV module current, voltage and power at MPP based on the Lambert W function
have been obtained. Photocurrent, reverse saturation current of p-n-junction, ideality factor and series resistance
are used as variables in these expressions.

2. Based on the obtained analytical expressions and PV module data from manufacturer’s datasheet the non-
iterative approach has been proposed to predict the PV module electrical parameters at MPP at different
temperatures and levels of solar irradiation. Calculation of MPP electrical parameters for several PV modules
realized by proposed approach shows generally good accuracy in maximum power determination, which is
comparable with more complicated models, except the case of thin-film PV modules.
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