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ARTICLE INFO ABSTRACT

Effective use of photovoltaic (PV) modules requires reliable models for a number of applications, such as
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monitoring the performance of PV systems, estimating the produced power and plant design, etc.

Development of accurate and simple models for different PV technologies remains a big challenge. In this
paper, a comparative study of seven implicit and explicit models, published in the literature, is presented.
The predicted current-voltage characteristics of the main commercial PV module technologies (multi-
crystalline Silicon, Copper Indium Gallium Selenide, and Cadmium Telluride), have been compared both
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complexity.

with the ones from the datasheet and with the ones obtained experimentally. Moreover, the investigated
models have also been evaluated in terms of accuracy, required parameters, generalisation capability and

1. Introduction

Photovoltaics (PV) is expanding very rapidly: the total installed
PV capacity at the end of 2015 amounted globally to 200 GW [1]
becoming in some countries (such as Italy or Germany) a key
contributor to power generation. This expansion is the result of
effective supporting policies as well as of drastic cost reductions
which are in part a feedback effect determined by the economy of
scale that follows market expansion, in part the result of techno-
logical and industrial improvements. The efficiency of PV modules
has grown considerably. The highest reported efficiency of the most
common used PV technologies is 23.8% for large crystalline silicon-
based modules (m-Si), 12.3% for tandem amorphous Silicon (a-Si),
and 18.6% and 17.5% for Cadmium Telluride (CdTe) and Copper In-
dium Gallium Selenide (CIGS) thin film-based modules [2],
respectively, while the actual efficiency of the corresponding
commercial products is normally 2—4% points lower (absolute);
meanwhile the production cost of PV modules decreased dramat-
ically, and the combined effect is a significant reduction of the cost-
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per-kWh — the key figure of merit for evaluating energy sources.
A key parameter for evaluating the cost-per-kWh (specifically,
the Levelized Cost Of Energy — LCOE) is the energy yield. Models for
cells or modules are increasingly being used by researchers, plant
designers operation and maintenance personnel, electric grid op-
erators, for prediction of the energy yield of PV systems [3]. As the
economic figures of a PV plant are quite sensitive to the energy
yield, the accuracy of such models is the key for sound decisions
and policy making regarding PV installations and development.
Some studies have been conducted on the performance pa-
rameters of PV modules under different climatic conditions. For
example, in Ref. [4] the authors performed a comparative analysis
of the efficiency of different module technologies under the cli-
matic conditions of Southern Spain. An implicit correlation for the
operating temperature of crystalline PV modules under real use
conditions has been proposed in Ref. [5]. A thermal model is pro-
posed in Ref. [6], that incorporates atmospheric conditions, the
effects of PV module material composition and mounting structure,
during periods of rapidly changing conditions. In Ref. [7] the au-
thors assessed five different models for predicting the temperature
of the solar PV module, the output power and efficiency for sunny
days with different solar radiation intensities and ambient tem-
peratures. An analytical modelling approach for estimating the
outdoor performance of thin film PV modules in inland sites with


mailto:adel_mellit@univ-jijel.dz
mailto:amellit@ictp.it
http://crossmark.crossref.org/dialog/?doi=10.1016/j.energy.2017.01.073&domain=pdf
www.sciencedirect.com/science/journal/03605442
http://www.elsevier.com/locate/energy
http://dx.doi.org/10.1016/j.energy.2017.01.073
http://dx.doi.org/10.1016/j.energy.2017.01.073
http://dx.doi.org/10.1016/j.energy.2017.01.073

Nomenclature

Hisc current/temperature coefficient

Hvoc voltage/temperature coefficient

Y shape parameter 1

a ideality factor of diodel

a ideality factor of diode2

FFrc fill factor at a temperature T and irradiance G

FFoc fill factor at a temperature 25 °C and irradiance G
G irradiance (W/m?)

I output current (A)

Imp current at the maximum power point (A)
Io diode reverse saturation current (A)

Iph photocurrent (A)

Isc short circuit current (A)

k Boltzmann constant (1.38006e-23 J/K)

m exponential factor

Ns number of cells in series

n shape parameter2

Pmp maximum power point (W)

Vimp normalized maximum power voltage

q electron charge (1.60218e-19 C)

IsTG normalized series resistance at a temperature T and
irradiance G

R series resistance (Q2)

Rsh shunt resistance (Q)

T cell temperature (°C)

\% output voltage (V)

Vinp voltage at the maximum power point (V)

Voc open circuit voltage (V)

Vi thermal voltage (V)

sunny climates is presented in Ref. [8]. In addition, several models
for determining the current-voltage (I-V) and power-voltage (P-V)
characteristics of PV cells and modules are currently available in the
literature. Many of these models come from the standard single-
and two-diode models [9—12], and can be classified as implicit or
explicit [3,13].

Implicit models [14—18] are mainly based on nonlinear equa-
tions which require iterative calculations and a non-negligible
computational effort to estimate the parameters of the solar cell/
module, which are not available from manufacturers' datasheets,
such as the photocurrent, the series and shunt resistances, the
diode ideality factor, the diode reverse saturation current, and the
band-gap energy of the semiconductor. In fact, manufacturers
typically provide only a limited data set for PV modules, such as the
open-circuit voltage (V,), the short-circuit current (Is), the
maximum power current (Iy,p), and voltage (V). Moreover, these
data are only available at Standard Test Conditions (STC). For such
conditions, PV modules produce a high power output, but they are
rarely encountered in actual operation. A number of algorithms
based on evolutionary approaches have been developed to estimate
the parameters, for example particle swarm optimization [19],
differential evolution [20], pattern search [21], genetic algorithms
(GAs) [22] and artificial neural networks (ANNs) [23], however, the
calculation process is complicated.

Explicit models [13,24—30] are mainly based on simple analyt-
ical expressions, which enable designers and engineers to deter-
mine the key parameters of a solar cell or module without using
iterative numerical calculations. The use of explicit models is also
an advantage for users as computer-aided computations are more
easily implemented.

The main objective of this work is to make a comparative study
of seven implicit [14,15,18] and explicit [13,24,26,28] models
available in the literature. The models have been assessed by using
manufacturers and experimental data (I-V characteristics) for a
number of PV module technologies (m-Si, CIGS and CdTe). The
focus of this paper is to verify the effectiveness of these models for
different photovoltaic technologies (owning both to the first and
the second generation), and different working conditions (of cell
temperature and solar irradiance).

2. PV models

Numerous solar cell models are available in the literature. The
models investigated in this work are reported in Table 1. The

models have been selected among well-known models, based on
their simplicity, required parameters and easiness of
implementation.

2.1. Implicit models
Modelling of PV solar cells requires electrical parameters which

are dependent on the device architecture and the materials.

2.1.1. Sera et al. model

The single diode model, shown in Fig. 1, emulates the PV char-
acteristics. The current-voltage (I-V) relationship of PV cell is
nonlinear, it can be written from Kirchhoff's current law as:

(1)

o Qv +IR)\ ] VIR
I=1pn = 1lo [exp( akT Ry,

A photocurrent Ip, (A) is associated to the photo-generation of
electron—hole pairs and equals the short-circuit current if the
parasitic resistances are neglected; I, is the reverse saturation or
leakage current of the diode. Furthermore, series and parallel
electrical resistances are usually included in the model to represent
internal losses; q is the electron charge (1.60217646 x 10719 C), k is
the Boltzmann constant (1.3806503 x 10~23 J/K), T (K) is the tem-
perature of the p—n junction, and a is the diode ideality factor; Rs
(Q) is the series resistance; R () is the shunt resistance.

Due to the transcendental nature of Eq. (1), significant compu-
tation effort is required to estimate the model parameters.

Sera et al. [15] developed a five-parameter model, for a PV
module and draw the I-V curve based exclusively on the most
important parameters from the manufacturers' datasheet (Vy, Isc,
Imp, Vmp, Pmp the current/temperature coefficient ujic and the
voltage/temperature coefficient pyoc).

Three equations are used to calculate three unknown parame-
ters (a, Rs and Rsy): Eq. (2) is an expression of the Inp, Eq. (3) is
written from the derivative of the power with respect to the Ip and
Eq. (4) is the derivative of the voltage with respect to the current, at
short-circuit current. The system of three equations obtained is
solved numerically by an iterative method (e.g. Newton-Raphson or
bisection methods). After calculating a, R; and Ry, at STC conditions,
the parameters in equations Eqs. (7)—(12) can be inserted in Eq. (1)
to get the I-V relationship of the PV module, which takes into ac-
count the irradiance and temperature conditions.



Table 1
Implicit and explicit models investigated in this work.

# Authors Year Implicit Explicit Dependence on the cell temperature Dependence on the Methods Required
model model irradiance parameters
1 Seraelal. [15] 2007 v v v Numerical @, Ipp, Io, R, Rsn
2 Villalva et al. [14] 2009 v v v Numerical Ipp, Io, Rs, Rsn
3 Ishaque and Salam [18] 2011b v v v Numerical ay, az, Ipp, Io, Rs, Rsn
4 Karmalkar and Haneefa 2008 v Analytical m, y
[24]
5 Saloux et al. [26] 2011 v v v Analytical a, I, I
6 Das [28] 2011 v Analytical m, n
7 Massi Pavan et al. [13] 2014b v v v Analytical m
I
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Fig. 1. Equivalent circuit of a photovoltaic cell using the single diode model.
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The reverse saturation current I, and the photocurrent I, are
expressed by Egs. (5) and (6), respectively.

I = (Isc - 7‘/06 - ISCRS) 37% (5)
Rsh
Yoo Ve
— Ns Vi —

Iph loeNsve + R, (6)

Ise(G) = IieG
1 (G) = IyG (7)

(G)Rsp — Voc(G)

I
mamzm(” )Mw (8)
IoRsp

The open-circuit voltage V,. and the short-circuit current I
depend on the temperature as follows:

Voc(T) = Voc + . (T — Tstc) (9)

I (T) = Io(T)e¥t 4 VoD (12)
b Rsh

where N; is the number of solar cells connected in series.
The block diagram for determining the five PV parameters is
shown in Fig. 2.

Input STC parameters: Ise, Voc, Lnp, Vinp, tisc,
HMvoc

\4
Initialize R, Ry and V;

v

V=R, Ryr) from Eq.(2)

\l/ Calculate
Ro =f(Rs, ;) from Eq.(3) new R

Calculate
new Ry

No

No

Jd.Yes
A 4

Save R, Rspand V.
Calculate:
1, from Eq. (11)
L, from Eq. (12)
Solve Eq. (1)

Fig. 2. Block diagram of the model by Sera et al.



2.1.2. Villalva et al. model

The method proposed in Ref. [14] solves the equation of the
single-diode model by adjusting the I-V curve at three points: Vj,
Isc and Pyyp. Four unknown parameters in Eq. (1) are needed for the
calculation: Ipp, Io, Rs and Rgp. The quality factor a of the diode is
usually considered as a constant [16], and its value can be later
modified in order to improve the model fitting if necessary.

In this model two equations have been introduced:

v The first one is the equation for the photocurrent of the PV cell,
which depends linearly on the solar irradiation and temperature
[15]:

G
Ipp (1ph,src + /’LISCAT) Corc (13)

Where Ippstc is photocurrent at STC, AT = T-Tsyc (in Kelvin,
Tstc = 298,15 K), G is the surface irradiance of the cell and Gsyc
(1000 W/mz) is the irradiance at STC. The constant uys is the short
circuit current temperature coefficient, normally provided by the
manufacturer.

v The second one is the equation for I,:
I — Isc stc + py AT
o = € T Pkem

q [Voc.STC t i%c“]
avy -1

(14)

For calculating Rs and Ry, the authors proposed an iterative so-
lution based on the fact that only a unique pair of these two pa-
rameters can be obtained by adjusting their values to give a close
approximation for the experimental maximum power (Pmaxe) Ob-
tained from the datasheet. Initial guesses for Ry and Rs; may be
given by:

Rs,min =0

R. —_ Ymp  Vocstc = Vimp (15)
sh.min Isc stc — Imp Imp

The expression of Ry, is given by:

Vinp (Vimp + ImpRs)

Rsp = Vimp+ImpRs g

= (16)
VmpIph - VmpIoe( Nsa ﬁ) + Vmplph — Pmaxe

where: Ppax e is the experimental maximum power obtained from
the datasheet.
The calculated maximum power can be computed using:

- q(Vmp + ImpRs) Vmp + ImpRs
Ppp = Vinp (Iph Iy [exp( 4 kT 1 R,

(17)

The model may be further improved by exploiting the iterative
solution of Rs and Rsp. Thus, a new relation between Isc and I, at STC
conditions is introduced:

Rsh -+ Rg

Ippstc =

Isc s1C (18)

The block diagram for determining the four PV parameters is
presented in Fig. 3.

2.1.3. Ishaque and Salam model

Ishaque and Salam [18] present a two-diode model of the solar
cell where the equivalent circuit is presented in Fig. 4 and the
output current is described by the following equation:

Input STC parameters: Ise, Voe, Lnp, Vip, Prmaxe, Uise,
Uvoc

\ 4
Calculate:

L, using Eq. (13)

I, using Eq. (14)

y

Initialization:
Tol, Rsand Ry, from Eq. (15)

v

\]/Yes

Calculate:
R, using Eq. (16)
L, using Eq. (18)
Py using Eq. (17)
Err=| Pup - Prnase |
Increment R,

R Save R and Ry,
“ Solve Eq. (1)

Fig. 3. Block diagram of the model by Villalva et al.
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VIR
Rsh

(19)

Here I,; (A) is the dark saturation current due to recombination
in the quasi-neutral region; I, (A) is the dark saturation current
due to recombination in the space-charge region; a; and a, are the
ideality factors of the diodes. The two-diode model requires
computation of seven parameters (Ipn, Rs, Rsn, lo1, lo2 a7 and ay) that
variously affect the shape of the I-V characteristics.

Ishaque and Salam [18] use the same expression described in
Ref. [14] (Eq. (13)) to calculate the photocurrent. However, a new
analytical equation of both saturation currents is derived: Iy, Io> are
set to be equal in magnitude and can be calculated as:

Isc,stc + py, AT

a [VUC.STC ““VDCAT}

e [(a+a)/plve _ 1

Iol = 102 =l = (20)



r(@) Vo Ve

Fig. 4. Equivalent circuit of a photovoltaic cell using the two-diode model.

According to Ishaque and Salam [ 18], a; must be unity while the
value of a; is flexible. It is found that the best match between the
proposed model and the experimental -V curve can be observed if
ay >1.2. Since (a; + ay)/p = 1 and a; =1, the variable p can be chosen
as P> 2.2.

To calculate Rs and Ry, the authors applied the same approach
used for the single diode model reported in Ref. [14]. The initial
conditions for both resistances are the same given in Ref. [14]. The
expression of Ry, was rearranged and rewritten to be applied in the
model by introducing p and the two exponentials terms as given in
Eq. (21):

Vimp + ImpRs
(VmpAlmpRS) (Vn1p+'n1pRs> P
v, (p-1V, g
h—lo e\ ) te ) 42 - D

With the availability of all six parameters, the output current of
the module can be determined using the standard Newton-
Raphson method. The block diagram presented in Fig. 5 describes
the procedure for calculating the PV parameters.

(21)

Rsh =

Iy

2.2. Explicit models

2.2.1. Karmalkar and Haneefa model

An explicit model is presented in Ref. [24], allowing the pre-
diction of the entire -V curve from four measurements of the
curve corresponding to Voc, ~0.6 Voc, Isc, and ~0.6 Isc. The model
provides a closed-form description of the I-V curve, peak power
point, and fill factor in terms of physical parameters of the single
exponential model. The normalization of i and v (i = V/Vocand v =1/
Isc) enables a compact representation of the -V measurements for
a wide variety of cells in which recombination, tunnelling, or space
charge-limited currents may exist in addition to diffusion. The
empiric expression of the model is written as [24]:

i=1-(1—7y)p—ym (22)

Two parameters (m and vy) should be extracted by using two
additional simple measurements of i for » = 0.6 and » for i = 0.6.
Thus, v is approximated from Eq. (23), while m can be calculated
from Eq. (24):

7=(il,_06 —04)/06 (23)

m = 1og[(0.4 ~ (1= 7o)y '] /log vy (24)

Closed-form solutions for the (ip,vp) point and FF are derived
from Eq. (22). The normalized peak power voltage v, = Vp/Vi is
obtained by setting: d(iv)/du\,,:,,p = 0, vp can be empirically adjusted

Input STC parameters: Iy, Voc, Inp, Vinp, Paxe,
Mise, Mvoc

v

Initialization
Tol
R, and Ry, from Eq. (15)

v

Calculate four parameters:
1, using Eq. (13), I, using Eq. (20), a; and a:

No

\l, Yes
Increase R;

Calculate:

Ry, using Eq. (21)
Newton-Raphson method for Eq. (19)
Find Py, for 0<V<Voc
Err=| Puy - Praxe |

Save Ry and Ry,
Solve Eq. (19)

Fig. 5. Block diagram of the model by Ishaque and Salam.

as:

vp=(m+1)"1™ _0.05(1 -7) (25)
The FF is given by:
FF = vpip = v [1— (1= 7)o — 17} (26)

To avoid the measurement of dI/dV slopes and peak power point,
the physical parameters a, Rs, lo, Rsp, and I, of the single diode
model can be extracted using the following closed-form expres-
sions [27]:



Vo (0.77m(1 —p) — 1 27
mVe \ 0.77m 1n<;—p) ~1
_ Voc amV;
ko= (O-G'YmIsc) (1 a Voc ) -0l (28)
Voc
Io=7ylsce™ ™ (29)
Ve\( . ¥ (0.4 + 0.67)IscRs — 0.4Vp\ \ 7!
Ron= <ISC) (1 v o.seXp< av;
(30)
I.
Lon PO CE— (31)

(1+Rs/Rgp) "

The block diagram for computing the different parameters is
shown in Fig. 6. The model validation is established for a limited
class of cells, having moderately convex -V curves with FFs of
0.56—0.77 and obeying the single-diode exponential model with
bias-independent photocurrent. The scope of the explicit model
[24] is expanded in Ref. [29] to cover cells having a wide range of
material systems from concave (FF < 0.25) to highly convex
(FF > 0.85).

2.2.2. Saloux et al. model
A single-diode model without series and shunt resistances is
introduced by Saloux et al. [26]. The standard I-V Eq. (32) is used.

exp (%) - 1} (32)

Considering the asymptotic behaviour of the I-V curve at short
and open circuit conditions, the derivative of the current in

1=l —1Io

Find I, Ve, 0.6 I and 0.6 V,. from I-V curve

Y

Calculate:
y using Eq. (23)
m using Eq. (24)
v, using Eq. (25)

V

Calculate:
a from Eq. (27)
R,, from Eq. (28)
1, from Eq. (29)
R, from Eq. (30)
L, from Eq. (31)

Fig. 6. Bloc diagram of the model proposed by Karmalkar and Haneefa.

correspondence of the maximum power is calculated as [26]:

di

- Isc
avl = (33)

~ Voc

Vmp

Explicit Egs. (34)—(37) are used directly to calculate the elec-
trical parameters (Vinp, Iimp and Py;p) at the maximum power point as
function of both cell temperature and irradiance.

nNsk, T {nNSkT ISC}
Vinp = In — 34
mp q do Vor (34)
b1y g, NSKT (s (35)
mp T ph o q Voc
Prp = IipVimp (36)
The ideality factor a is calculated by the following equation [26]:
_ q(Vimp — Ve Inp\ 1~
e A Ll Gt G7)

Ipn and I, can be calculated using Eqgs. (13) and (14), respectively.
The block diagram for calculating the different PV parameters is
depicted in Fig. 7.

2.2.3. Das model

In Ref. [28], an approach is presented in order to find a closed-
form solution for Vip, Iy and FF. The model is mainly based on
the method introduced in Ref. [24]. The explicit expression of the
model is determined as [28]:

it =1 (38)
Isc and V. are measured directly, m and n are extracted using

two additional measurement of i for two any values of vliesin (0, 1).

From Eq. (38) the author states that:

lognlogi=Ilog(l—v")= — ™ (39)

So, a measurement of j at (v = a) and (v = b) leads to:

Input STC parameters: Isc, Voe, Lnp, Vinp, Pmaxe, Hiser fvoc

v

Calculate:
1, using Eq. (13)
1, using Eq. (14)
a using Eq. (37)

v

Calculate:
Ly from Eq. (35)
Vup from Eq. (34)
P,,, from Eq. (36)

Fig. 7. Block diagram of the model by Saloux et al.



log (o8 fe
m= (log 1,,) (40)
log (%)
Thus, n can be approximated as:
—agm

To find the values of m and n, a = 0.8 and b = 0.9 are used for a
satisfactory result. The normalized maximum power voltage vy, is
obtained from Eq. (42), and the FF is consequently calculated using
Eq. (43).

m)*(l/m)

Vmp = (1 +o (42)

FF = vmpimp = (%)l/n(l + r:)(H) (43)

The procedure for computing the two parameters (n and m) and
estimating vi;p and FF is presented in Fig. 8.

This model is useful for the design, characterization and calculation
of the fill factor, its applicability was demonstrated with the measured
data of a wide variety of solar cells, (i.e. Si, CdTe, GaAs/Ge, a-SiC:H/c-Si).
However, this model is intuitive and lacks analytical support. A new
analytical explicit -V model is introduced in Ref. [ 31|, which is derived
from the physics based on the implicit [-V equation.

2.2.4. Massi Pavan et al. model

In Refs. [3,13,32,33] the authors developed an explicit empirical
model, where the electrical parameters listed in the datasheets or
in the flash tests of any photovoltaic module are sufficient to
describe its behaviour. For a PV module, the model is defined by the
following equation:

em-[V-wAT] _ q

I=1I +zAT — (44)

em

where I (p.u.) is the per unit current referred to the short circuit
current I (A) at STC, I; (p.u.) is the per unit irradiance referred to
1.000 W/m?, m is an exponential factor, V (p.u.) is the per unit voltage

Fil’ld -[SC’ Voc, 0.8 -[SC Cll’ld 0.9 ISC fI'Ol’Il I_V CUI'VC

Calculate:
n using Eq. (41)
musing Eq. (40)

!

Calculate:
vmp from Eq. (43)
FF from Eq. (44)

Fig. 8. Bloc diagram of the model by Das.

Read data: e, Voc, Lup, Vinp, Prmaxe, Hise: fvoes

v

Input 7 and G

\

Initialize m

v

Calculate FFrg from Eq. (45)
Solve Eq. (44)

Find the normalized maximum
POWET Pyyp
Increment m
No
Yes
Save m

Fig. 9. Block diagram of the model proposed by Massi Pavan et al.

referred to the open circuit voltage at STC V. (V), z (1/°C) is the
current-temperature coefficient referred to the short circuit current
at STC (z = wsd/Isc), w (1/°C) is the voltage-temperature coefficient
referred to the open circuit voltage at STC (W = uyoc/Voc), AT = (T-
25) °C is the temperature difference with respect to the standard
temperature (25 °C), and T (°C) is the solar cell temperature.

The exponential factor m is obtained imposing that the
maximum power produced by the photovoltaic module at a given
irradiance and solar cell temperature is equal to its fill factor.

The fill factor FFr¢ can be calculated by the following empirical
equation:

FFrc=FFor- (1 —r1sgcr) (45)

where r;cris the normalized series resistance at a cell temperature
T and irradiance G, as presented in Eq. (46):

I
TeGT = "Ry (46)

where R; is the series resistance, V. rcan be calculated form Eq. (9)
and I is expressed as follows:

G

Iscg==—nn-1 47

s¢.6 = 7000 s (47)

Table 2

Electrical parameters of the used PV modules.
Technology m-Si CIGS CdTe
Module Q.Pro 230 Q.Smart UF 95 Fs-272
Nominal power P, (W) 230 95 72.5
Short circuit current Isc (A) 8.30 1.68 1.23
Open circuit voltage Voc (V) 36.61 78.0 88.7
Current at maximum power point I, (A) 7.84 1.53 1.09
Voltage at maximum power point Vy, (V) 29.56 62.1 66.6
Current/temperature coefficient Z (%/K)  +0.04 0.00 0.04
Voltage/temperature coefficient W (%/K) —0.41 -0.38 -0.25
Number of cells in series 60 116 116




FFy,ris the normalized fill factor at a cell temperature T, it can be
expressed as:

_vocT — In(vocr +0.72)

FFo 1

voc,T +1

(48)

where vocr () is the normalized open circuit voltage V,. 1, which

may be calculated as:

Fig. 10. Test 1: I-V characteristics: (a) Q.pro230 PV module at different irradiance levels (b) Q.Smart UF95 PV module at different irradiance levels.

3. Comparative study

~ Vocr
UOC,T - Vt 'N
S

(49)

A more detailed description of the fill factor calculations is
presented in Ref. [3]. The block diagram for computing the expo-
nential factor m is depicted in Fig. 9.

The explicit and implicit models presented in the previous
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Fig. 11. Test 1: Percentage relative errors at MPP: (a) Q.Pro 230 module, (b) Q.Smart module.

Table 3a
Q.Pro230 PV module: Parameters calculated at STC conditions (Test 1).

Parameters Villalva et al. Sera et al. Ishaque and Salam Karmalkar and Haneefa Saloux et al. Das Massi Pavan et al.
a() 1.3 1.1 1.35 1.42 1.58 — —
R«(Q) 0.22 04 0.31 043 - - -
Rsh(Q) 257.72 1627.98 694.972 549.17 — N —
Ipn(A) 8.29 8.3 8.3 83 8.3 — —
Io(A) 9.77e-8 3.10e-8 3.98e-10 4.34e-7 2.48e-6 - -
m() - - - 13.79 - 14.14 14.7
n( ) — — — — — 0.84 —
0 - - - 0.99 - - -
Is(A) 8.3 8.3 8.3 83 8.3 8.3 83
Voc(V) 36.6 36.5 36.5 36.58 36.6 36.61 36.61
Imp(A) 7.84 7.76 7.80 7.71 7.75 7.71 7.71
Vinp(V) 29.50 29.80 29.70 30.02 30.01 30.01 30.02

section are implemented in Matlab® environment and applied to
actual commercial PV modules belonging to different PV technol-
ogies: Q.Pro230 [34], Q.Smart UF95 [35] and First Solar FS-272 [36].
In order to compare and assess the accuracy of the models, the
estimated I-V curves are compared with the manufacturer's data
and with some experimental measurements. The specifications of
the used PV modules are summarized in Table 2.

3.1. Comparing estimated and manufacture's data (test 1)

The investigated models have been tested by comparing their
output with some parameters listed in the datasheet of Q.Pro230
and Q.Smart UF95. Fs-272 has not been used in Test 1 because the
manufacturer does not provide the necessary [-V curves.

With reference to Figs. 10 and 11, at STC all studied models



Table 3b
Q.Smart UF-95 PV module: Parameters calculated at STC conditions (Test 1).

Parameters Villalva et al. Sera et al. Ishaque and Salam Karmalkar and Haneefa Saloux et al. Das Massi Pavan et al.
a() 1.6 1.75 1.6 1.8 2.2 - -
Ry(Q) 2.16 1.72 4.39 137 - - -
Rsn(Q) 2149.44 3113.63 942.59 2338.8 - -
Ipn(A) 1.68 1.68 1.68 1.68 1.68 - -
I,(A) 1.33e-7 5.39e-7 7.13e-12 8.69e-7 1.19e-5 - -
m( ) - - - 11.38 - 10.87 11.8
n() - - - - - 0.94 -
20 - - - 0.98 - - -
Is<(A) 1.68 1.68 1.67 1.68 1.68 1.68 1.68
Voc(V) 77.8 77.9 77.8 77.96 77.9 78 78
Imp(A) 1.529 1.529 1.527 1.524 1.520 1.543 1.521
Vmp(V) 62.20 62.10 62.20 62.37 62.52 61.62 62.40
Table 4
Maximum power for each module at Tc = 25 °C and different solar irradiance levels (Test 1).
Module Extracted P, (W)  Villalvaetal.  Seraetal. Ishaque and Salam  Karmalkar and Haneefa  Saloux etal.  Das Massi Pavan et al.
Q.Pro230
G = 200 W/m? 44.68 4434 45.42 45 44.41 40.53 44.38 44.49
G =500 W/m2 114.62 114.08 115.11 115.80 114.09 109.83 114.09 114.37
G =1000 Wm?  231.75 231.28 231.24 231.66 231.45 232.57 23138 23149
Q.Smart UF 95
G = 200 W/m? 17.78 17.49 17.09 16.00 17.90 15.81 17.49 17.50
G = 500 W/m? 46.67 46.31 45.75 46.32 46.45 44.06 46.29 46.51
G =1000 Wm?  95.01 95.10 94.95 94.97 95.10 95.04 95.08 94.94
Table 5
relative errors between estimated and provided MPP in the Datasheet (Test 1).
Modules Villalva et al. Sera et al. Ishaque and Salam Karmalkar and Haneefa Saloux et al. Das Massi Pavan et al.
Q.Pro230
1000 W/m? 0.20 0.22 0.03 0.13 0.35 0.16 0.11
500 W/m? 0.47 0.43 1.03 0.46 417 0.46 0.21
200 W/m? 0.76 1.65 0.71 0.60 9.28 0.67 0.43
Mean PRE(%) 0.48 0.77 0.59 0.39 4.6 0.43 0.25
Q.SmartUF95
1000 W/m? 0.09 0.06 0.04 0.09 0.03 0.07 0.07
500 W/m? 0.77 1.97 0.75 047 5.59 0.81 0.34
200 W/m? 1.63 3.88 10.01 0.67 11.07 1.63 1.57
Mean PRE(%) 0.83 1.97 3.6 0.41 5.57 0.83 0.66

predict, with a good degree of approximation, the data provided by
the manufacturer. In particular, the predicted maximum power is
very accurate. The performance of the models became poorer when
the irradiance decreases. In particular, there are some differences
between the forecasted and the provided maximum power and
open circuit voltages. A small difference is also present in the case
of the short circuit current, but this is quite small.

Tables 3a and 3b show the electrical parameters calculated for
each model at STC conditions. The maximum powers from the
datasheets and the application of the models are reported in
Table 4, while Fig. 2 and Table 5 present the Percentage Relative
Errors (PRE) for the different levels of solar irradiance.

Pmp,measured - Pmpestimated

00

PRE(%) = (50)

Pmp,measured
With reference to the presented PREs and the I-V curves, the
following remarks are worth mentioning:

o All models perform pretty well at STC;
e With reference to the Q.Pro module, the model Massi Pavan
et al. presents the best average performances (the mean PRE is

10

0.43%), while the worst are the ones provided by the Saloux et al.
model (the mean PRE is 4.6%);

e With reference to the Q.Smart module, the model Kamalkar and
Haneefa presents the best average performances (the mean PRE
is 0.41%), while the worst are the ones provided by the Saloux
et al. model (the mean PRE is 5.57%);

e The performances of the studied models are worst for low
irradiances.

3.2. Comparing estimated and experimental data (test 2)

A number of measurements have been carried out at the test
facility of the University of Trieste, Italy. Trieste has a temperate
climate, with hot summers, mild winters and no dry season. Over
the course of a year, the temperature typically varies from 4 °C to
29 °C. The relative humidity typically ranges from 45% to 84% while
the average wind speed ranges between 2 m/s and 5 m/s —
although very strong winds are common for short periods of time
[37].

Fig. 12 shows the PV modules, the data loggers for climatic and
electrical data, and the electrical equipment (a DC—DC converter, a
heat sink and a load) of the test facility at the University of Trieste,
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Fig. 12. The examined PV modules and the test facility (University of Trieste, Italy).

Table 6
Date, time and operating conditions for each PV module.

Module Date Time (hh:mm) Ambient temperature Ta(°C) Cell temperature T(°C) Global Irradiance G(W/m?)
Q.Pro 230 03/09/2013 11:45 32 57 906
03/09/2013 09:13 32 37 479
18/09/2013 17:02 23.44 28 135
Q.Smart UF95 12/03/2014 12:21 16 35 800
13/03/2014 09:30 14 21 490
26/03/2014 17:25 10 11 127
First Solar FS-272 27/09/2013 17:10 10 12 106
05/09/2013 09:05 26.7 40.9 509
05/09/2013 11:50 27.18 53.47 997

where the experimental measurements have been carried out.
Each photovoltaic module transfers electrical power to the load
(a resistor) through the DC—DC converter — type Solar Magic pro-
duced by National Semiconductor Ltd. The part of the monitoring
system used in the test consists of: two data loggers E-Log,
MW8024-02/10 produced by LSI Lastem S.r.L(all the characteristics
of this device can be found in Ref. [38]), one used for the climatic
data and one for the electrical ones; one laptop connected to the
two data-loggers where the data are being collected in a database;
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one ISO9060 first class thermopile global radiometer type C100R
DPA153 produced by LSI Lastem S.r.L installed on the same plane of
the photovoltaic modules (the daily uncertainty for this device is
less than 5%, the sensitivity is 30=45 pV/W/m? and the flat spectral
response range is (305—2800 nm), more information about the
device can be found in Ref. [38]); three module temperature con-
tact probes type DLE 124 produced by LSI Lastem S.r.l (the accuracy
of this device is +0.15 °C, more details can be found in Ref. [38]);
three shunts type SHP300A60-Compact produced by Hobut Ltd. (the
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Fig. 13. Test 2: Measured vs simulated I-V characteristics of Q.Pro230 PV module at (a) low irradiance, (b) medium irradiance and (c) high irradiance.

characteristics of this instrument can be found in Ref. [39]) that
have been calibrated with an accuracy better than 0.01%.

Three different PV modules employed at different operating
conditions of global solar irradiance (low, medium and high),
ambient temperature and cell's temperature have been used. The
investigated modules, as well as the operating conditions are listed

in Table 6.

The experimental and the simulated I-V curves of each module
are illustrated in Figs. 13—15. The maximum power point for each
module and the percentage relative error are reported in
Tables 7a—7c).
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With reference to the aforementioned results, the following
remarks can be made:

e All models show a good performance for Q.Pro 230 module. The
model Karmalkar and Haneefa gives the smallest error in the
calculation of the maximum power at high and medium solar
irradiance ((0.06 + 0.01)% and (0.5 + 0.02)% respectively), while
the model by Massi Pavan et al. [13] gives the smallest error at
low irradiance ((1.20 + 0.05)%);

e With reference to Q.Smart UF95 module operating at high
values of solar irradiance, all models perform well. At low and
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Fig. 14. Test 2: Measured vs simulated I-V characteristics of Q.Smart UF95 PV module at (a) low irradiance, (b) medium irradiance, and (c) high irradiance.

medium irradiance only the models developed by Massi Pavan
et al., Karmalkar and Haneefa, and Das give good results along
the entire I-V curve. With reference to the maximum power
point, the smallest error ((0.24 + 0.01)%) is obtained with the
model by Massi Pavan et al.;

e Concerning the FS-272 operating at higher value of solar irra-
diance, all models show good performance except the one
proposed by Ishaque and Salam and by Saloux et al. The model
by Massi Pavan et al. [13] presents the smallest error of

13

(0.46 + 0.02) % at maximum power point. The model by Kar-
malkar and Haneefa shows also a good performance with an
error of (0.57 + 0.02) % at maximum power point. At low and
medium irradiance, again models by Massi Pavan et al. [13] and
Karmalkar and Haneefa [24] provide the most accurate predic-
tion at maximum power point. However, at low irradiance only
the models by Karmalkar and Haneefa [24] and Das [28] show
good agreement with the measurements along the entire I-V
curve.
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Fig. 15. Test 2:Measured vs simulated I-V characteristics of FS-272 at (a) low irradiance, (b) medium irradiance and (c) high irradiance.

4. Concluding remarks

This work presents a comparative study of seven models, pub-
lished in the literature, for I-V prediction behaviour. The perfor-
mances of these models have been assessed comparing their
output both with data from manufacturers and from experimental
measurements.

With reference to the obtained result, the following concluding
remarks:
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e With reference to the multi-crystalline silicon technology and
with the exception of Saloux et al. all models predict the actual
behaviour of the modules with a good degree of accuracy. The
model by Massi Pavan et al. [13] has the highest accuracy in
estimating the maximum power of the PV module at different
operating conditions. However, at low irradiance, the models by
Massi Pavan et al. [13] and by Saloux et al. [26] have low accu-

racy in the vicinity of the open circuit voltage;



Table 7a
Maximum Power and PREy, for Q.Pro 230 module (Test 2).

Operating conditions Measured.Pr,p (W) Villalva et al. Seraetal. Ishaque and Salam Karmalkar and Haneefa Saloux et al. Das Massi Pavan et al.
Mpp(W)
G=135W/m% T=28°C 275+ 1.1 28.07 28.87 28.74 28.05 25.83 28.06 27.83
G =479 W/m? T=37°C 101.2 +4.05 101.97 102.52 103.82 101.71 97.57 101.81 101.62
G =906 W/rnz; T=57°C 15534 +6.21 155.91 155.25 155.15 15543 156.85 155.50 155.66
PREwnpp(%)
G=135W/m? T=28°C 2.07 +0.08 498 + 020 451 +0.18 2.00 + 0.08 6.07 +0.24 2.03 +0.08 1.20 + 0.05
G =479 W/m?; T = 37 °C 0.76 +0.03 1.30+0.05 2.58 +0.10 0.50 + 0.02 358 +0.14 0.68 +0.03 0.60 + 0.02
G =906 W/m?; T = 57 °C 037 +0.02 0.06 + 0.01 0.12 +0.01 0.06 + 0.01 097 +0.04 0.10 +0.01 0.21 +0.01
Table 7b
Maximum power and RPEy,, for Q.Smart UF95module (Test 2).
Operating conditions Measured. Pr,, (W) Villalva et al. Seraetal. Ishaque and Salam Karmalkar and Haneefa Saloux etal. Das Massi Pavan et al.
Mpp(W)
G=127W/m? T=11°C 12.03 + 048 11.85 11.25 11.75 11.91 10.29 11.88 11.93
G =490 W/m?; T=21°C 46.58 + 1.86 46.11 45.60 46.08 46.26 43.90 46.23 46.32
G =800 W/m?% T=35°C 71.7 + 2.87 72.22 71.94 73.12 71.88 71.03 71.91 71.53
PREMpp(%)
G=127W/m% T=11°C 149 £ 0.06 6.48 +0.26 2.33 + 0.09 0.99 + 0.04 14.46 + 0.58 1.24 +0.05 0.83 + 0.03
G =490 W/m?; T = 21 °C 1.00 £ 0.04 2.10 + 0.08 1.07 + 0.04 0.36 + 0.01 575+0.23 0.75+0.03 0.56 + 0.02
G =800 W/m?; T = 35 °C 0.72 +0.03 0.33 +0.01 1.98 + 0.08 0.25 + 0.01 093 +0.04 029 +0.01 0.24 +0.01
Table 7¢
Maximum power and RPEy,, for FS-272 module (Test 2).
Operating conditions Measured. Py, (W) Villalva et al. Seraetal. Ishaque and Salam Karmalkar and Haneefa Saloux et al. Das Massi Pavan et al.
Mpp(W)
G =106 W/m? T=12°C 7.15 + 0.29 7.35 6.92 7.44 7.08 6.79 7.06 7.22
G =509 W/m? T=409°C 3264+ 131 33.73 32.98 34.86 32.45 30.81 32.90 32.84
G =997 W/m?; T = 53.47 °C 62.80 + 2.51 65.22 64.73 65.66 63.16 64.59 63.30 63.09
PREwnpp(%)
G =106 W/m? T=12°C 279+011 3.22+0.13 4.06 +0.16 0.98 + 0.04 504 +02 1.54+0.06 0.84 +0.03
G =509 W/m?; T = 40.9 °C 333+0.13 1.04+0.04 6.8+0.27 0.58 + 0.02 5.61 +0.22 0.80 + 0.03 0.61 + 0.02
G =997 W/m?; T = 53.47 °C 3.85+0.15 3.07 +0.12 455+ 0.18 0.57 + 0.02 285+ 0.11 0.79 + 0.03 0.46 + 0.02
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