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Abstract
In this work, a new method for obtaining the current—voltage curve for crystalline silicon
and thin-film flat panels is presented. It is based on the single-diode model, with a variable
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Email: rnﬁwlﬁcnn(ﬂ}unh.cs arbitrary operating conditions is also described. The results obtained with the developed
model are compared with experimental measurements in cadmium telluride and amor-
phous silicon modules, and with results published in the literature for other technologies.
The model faithfully reproduces the experimental values. For all the modules, the root
mean square error for the maximum power is lower than 2% (below 1.5% in most cases).

These errors are lower than those reported in the literature for other models. In particular,

the results are significantly more exact in the case of thin-film modules.

1 | INTRODUCTION

The previous models have the advantage of requiring very
few parameters for Py, estimation, but they are not very accu-

In the literature, several methods to obtain the electrical param-
eters of commercial photovoltaic (PV) modules under arbitrary
conditions of temperature and irradiance have been reported.
For example, Osterwald’s method (or power temperature coef-
ficient model, PTCM) [1] is widely used due to its simplicity,
since only two parameters are needed to estimate the maximum
power (Py): the temperature coefficient for power, ¥, and the
power of the module under reference condition, Py .. Both
parameters are supplied by the manufacturers in the datasheets.

PVFORM model [2, 3] enhances the results of the afore-
mentioned method by introducing a low irradiance correction,
below 125 W/m? where the PTCM overestimates the maxi-
mum power. Similarly, [3] proposes a power temperature coeffi-
cient model with correction for irradiance nonlinearity (PTCM-
CIN hereinafter) that improves the ability of the former meth-
ods to represent the nonlinear behaviour at irradiances below
200 W/m?,

rate, as will be shown in a following section. A more accurate
method was proposed in [4]. It allows to translate the current-
voltage (/~1) curve of a PV module to desired conditions of
irradiance and temperature from four reference /-1 curves by
using bilinear interpolation (TBIM hereinafter).

The IEC 61853-3 standard [5] desctibes a method to calcu-
late Pyr at any irradiance and temperature by means of bilin-
ear interpolation and extrapolation. A 23-element maximum
power mattix at four different temperatures and seven differ-
ent irradiances must be previously measured in order to apply
the method. If the temperature or the irradiance to translate are
outside the range of the measurement matrix, the IEC 61853-
3 method can lead to low accuracy. This could also happen if
the power matrix cannot be totally measured. Another disad-
vantage of the method is that it does not allow to calculate the
[~17curve, so the current and voltage at maximum power point
(Lyr and 1) cannot be estimated.
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Other works [6—8] show algebraic models to find Py; using
empirical equations that allow [}y and /y; to be approximated
from open circuit voltage and short circuit current (I/5¢ and
Isc). In general, these equations are valid for modules of rea-
sonable efficiency [8]. Consequently, they are mote suitable for
crystalline silicon (c-Si), while their use in thin-film modules can
lead to significant errors.

Single-diode equivalent circuit models have been described
elsewhere [9-14]. In [9], a five-parameter model is proposed,
with semi-empirical equations to predict the /~1”curve for any
operating condition. It assumes a constant seties resistance (&)
and a variable shunt resistance (R,). The diode reverse sat-
uration current, /j, is calculated as a function of the mate-
rial bandgap and cell temperature, 7¢. A similar approach is
described in [10], also with a constant R and a variable £,.

Some works have also been published about the application
of the single-diode model to thin-film modules (mainly, cad-
mium telluride and amorphous silicon) [15-17]. For example, in
[15], the single-diode model is modified by adding a dependent
current source in order to take into account the higher recom-
bination losses in these devices. Along the same lines, in [17],
the model is modified with the addition of a dependent current
source and considering that all the model parameters depend on
the irradiance on the module.

Some authors have proposed the two-diode model to calcu-
late the /~1”curve of PV modules [18]. In this model, a second
diode is added in parallel with the first one, which accounts for
recombination losses in the junction. The ideality factor for the
first diode is typically 1, while for the second one it is close to 2.

However, to obtain accurate results, it is necessary to modify,
at least, the ideality factor of the second diode, making it differ-
ent from 2, and dependent on the technology and material of
the module.

Furthermore, it is necessary to calculate the saturation cur-
rent of both diodes, adding at least one more parameter to the
calculation process.

Therefore, compared to the single-diode model, the two-
diode model significantly increases the complexity and the com-
putation time. That is why most authors prefer the single-diode
model. In return, the two-diode model can be more accurate,
especially when calculating the /~1” curve under low irradiance
conditions.

The main objective of this work is to present a new method
for obtaining the /-1 curve for flat panels made of crystalline
silicon (both monocrystalline and polycrystalline, m-Si and p-
Si) and thin-films (cadmium telluride—CdTe, copper indium
diselenide—CIS, and amorphous silicon—a-Si). Starting from
the single-diode model, a new expression is deduced for the
dependence of the shunt resistance on the irradiance. The series
resistance in the developed model depends on the irradiance
and temperature. The use of a variable series resistance allows
to obtain higher precision compared to other single-diode
models.

The procedure for obtaining the /17 curve under arbitrary
operating conditions is also described, and a new expression is
introduced to calculate /¢ as a function of the temperature

and irradiance. Besides, a simplified procedure to transfer series
resistance to atbitrary conditions is proposed.

The method proposed in this work does not require a more
detailed characterization of the modules than other methods.
Since series and shunt resistance ate calculated from the /~17
curves obtained under sunlight illumination, no additional mea-
surements are required (such as dark /-1 measurements).

2 | I-VCURVE IN COMMERCIAL PV
MODULES

The /~17 characteristic of a solar panel, under the single-diode
model, can be expressed as:

VAR | VIR
NsnkT./q Ry,

I=1, = I |exp )

being /; the light-generated current, /; the diode saturation cur-
rent, R, the series resistance, R, the shunt resistance, # the
diode ideality factor, Vg the number of cells in series in the mod-
ule, £ Boltzmann’s constant, 7 the solar cell temperature in the
module, and ¢ the elementary charge.

In order to work with Equation (1), it is necessaty to previ-
ously estimate the values of [, #, Ry, and Ry,. In addition, 7},
and ¢ must be known, as shown in next section.

2.1 | Calculation of I

Iy can be obtained by imposing open circuit conditions on the
-1 curve:

Ve 1%
0=1; — I exp [#C - 1] -k ©
NsnKT./q Ry,
Then:
= Z_);
bh=——F— )
N;nKT /g

The previous equation allows calculating / if # and Ry, are pre-
viously estimated, assuming /; = /5c. Furthermore, it is neces-
sary to know /¢ and I, either experimentally or translating
the values from reference condition (7 ;s = 25 °C, Gj.f = 1000
W/m?), as will be shown in Section 3.1.

2.2 | R, calculation

From Equation (1), at maximum power point:

J it R I it B,
M= LL T o fexpere s — ) e
snKT./q By

i\

)
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FIGURE 1 Values obtained for & using Equation (6) as a function of 7;

for ref. [19] CdTe module

From Equation (4), the following expression can be derived:

h—Ih— ? - —R;]M +h
NiKT fqin | T ) g
o

R = 5
N ©)

R, can be obtained from Equation (5) by iteration. Nevertheless,
in practice Ry X Iyi/Ry, << Ir:

M
h—h—2=
NsnK1.[/qIn [—”h +1 ) -1
o

R = 6
‘ T ©

Equation (6) can be further simplified if 1 is neglected against
11 /1y, which is always reasonable.

Rg can be obtained from Equation (6) assuming /; = Iy if #
and Ry, are previously known.

Itis important to note that R; depends on Iy and Zy;. There-
fore, Equation (6) can only be used in those modules in which
these parameters are known.

As can be observed, R, depends on 7 and G. Figure 1 shows
this dependency for ref. [19] CdTe module. A simplified model
for R proposed by the authors will be shown in Section 3.2.

Equation (6) has been deduced at maximum power point.
However, assuming a constant K in all the /1" curve leads to
very accurate results. This is due to the low influence of this
parameter on the performance of the module as the current
decreases close to open circuit.

Good results in crystalline silicon modules (m-Si or p-Si) are
obtained by assuming a constant R, as most authors do. How-
ever, this approach does not lead to accurate results in thin-film
modules.

2.3 | Estimation of # and R

The estimation of 7 and Ry, depatts from the realization of a
set of measurements for each module at different temperatures

and irradiances. The experimental values for Zy;, 1y, Isc, Voo,
and Py under different operating conditions ate required. From
these data, it is possible to obtain the /~1” curve for different
values of 7 and R, using Equation (1), and using Equation (6)
to calculate R. Subsequently, Py; can be estimated from the
I-17 curve, upon finding the maximum value for the product
IxX V.

The values chosen for 7 and Ry, are those for which the root
mean square error (RMSE) for the calculated Py is minimum
compared to the experimental measurements. Therefore, with
this method, no additional measurements ate required to obtain
nand Ry,.

As will be shown below, assuming a constant n provides good
results. Conversely, assuming a constant R, leads to significant
error, since Ry, increases with decreasing irradiance [9—11].

In this regard, very good results are obtained with the follow-
ing empirical expression, developed by the authors:

Ry = Ryyper |1+ kray (Gray — G)] - for G < Gry,  (Ta)

Rsh = Rsh,ref for other G (7b)
being Ry, ¢ the shunt resistance at reference condition and
Gpen and kpg, the two dependency parameters in the model,
measured in W/m? and in m?/W] respectively.

G is the effective itradiance, that is, the one which would be
measured with a reference cell with the same spectral and angu-
lar response. Once the short-circuit current is known under the
reference condition, the effective irradiance is obtained from the
module /5 and the temperature coefficient &, assuming that /5
varies linearly with the irradiance:

G = ]SC Grcf
) ]SC,ref [1+ff (7:: - Yg,ref)]

®)

It is important to use the effective irradiance in the characteri-
zation of the modules in order to avoid the effects of vatiations
in solar spectrum and reflectance losses [9, 20]. In particular, in
a-Si modules these effects could be significant.

As shown above, the parameters Ry ref, &rsh, and Gggp, in
addition to 7, are obtained by optimization. i.e. their value cor-
responds to the minimum RMSE for the calculated Py;.

Equation (7a) can be simplified by assuming a constant Gy,
regardless of the module technology. In this regard, it has been
found that G, = 550 W/m? leads to very good results in all
the measured modules. Hereinafter, this value will be taken for
all the calculations. With this assumption, Ry, just depends on
two parameters.

Assuming a constant £gy, value of 0.0064 m?/W also pro-
vides very good results for all technologies. Therefore, Equation
(72) can be written as:

Ry, = Ry rer [1+0.0064 (550 — G)]  for G < Gy, (9)
The £gg, value of 0.0064 m2/W used in Equation (9) is an aver-
age of the optimum values for the different technologies shown
in Section 4.3.
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FIGURE 2 Ry, values obtained with Equation (9) and those obtained with

the expressions in [9-11] as a function of irradiance. For Equation (9), £z, has
been fixed to 0.005, 0.0064 m*/W and to 0.01 m?/W. Ry, ¢ has been fixed to
1932 Q, as in [11]

Equation (9) will not be used hereinafter, though it could be
used if a very simple expression for Ry, is searched. It is only
included for the sake of completeness.

The proposed equations for Ry, as a function of G'have been
compared to the expressions proposed in other works. In this
sense, it has been proven that better results are obtained with
Equations (7a) and (7b) than with the expressions described
in [9-11]. Therefore, in the results section, Equations (7a)
and (7b) have been used, with very accurate results (see
Section 4.4).

Figure 2 shows the Ry, values obtained with Equations
(7a) and (7b) and those obtained with the expressions in
[9—[11] as a function of irradiance. In the figure, the values
obtained for £py, = 0.005 m?/W, £py, = 0.0064 m?/W, and
kpsh = 0.01 m?/W are presented, in order to show the influence
of this parameter. Ry, ¢ has been fixed to 1932 W, as in [11]. It
can be seen that [9-11] expressions lead to higher R}, values at
middle and high irradiance. And that [10] and [11] expressions
lead to very high Ry, values at low irradiance.

3 | TRANSLATION TO ARBITRARY
IRRADIANCE AND TEMPERATURE
CONDITIONS

To obtain the module /-1 curve under atbitrary temperature
and irradiance conditions, the formerly calculated values for 7,
Ry e, and kgg, are used. £ can be estimated using Equation (3)
if 'oc and I under the conditions to be translated (7; and G)
are previously known. The details of the calculations are shown
below.

3.1 | Vg and I translation: Calculation of
the temperature coefficients

In order to calculate ¢ from the value under the reference
condition, V¢ f, the following empirical expression is pro-
posed herein:

KT,
Voc = Vocer [14H6 (1= L er)| [LHkG NS qclﬂ (G/Grep)
(10)

where 8 and £g ate the temperature coefficient and the irradi-
ance correction coefficient for I, tespectively. These param-
eters are calculated as those values for which the RMSE for
the estimated 1/ is minimum with regard to the experimental
values.

Equation (10) complies a trade-off between simplicity and
accuracy. As will be shown later, very low RMSEs are obtained,
and only two fitting parameters are required.

Regarding /¢, very good results are achieved by using the
well-known expression:

G
Isc = Isc rer [ [14££ (72 = 7, o) ] (11

being a the temperature coefficient for /i and /5¢ ¢ the short
circuit current at reference condition.

It is important to use experimental temperatutre coefficients,
instead of those found in the manufacturer’s datasheet [21]. Due
to the tolerance in the manufacturing processes, very important
deviations in the actual value of the coefficients are found for
different modules of the same technology.

3.2 | R, translation to arbitrary temperature
and irradiance conditions

It is not possible to calculate R as a function of 7, and G from
Equation (6), since it depends on 1y and /. These last two
parameters are not known a priori under the desired conditions
of irradiance and temperature.

This problem can be solved by having a broad set of experi-
mental values for the electrical parameters of the modules. R
can be obtained as a function of irradiance and temperature
from these data. To translate R, the closest available values can
be selected and a bilinear interpolation can be performed. How-
ever, it is not necessary to do so if the following procedure pro-
posed by the authors is applied.

Firstly, three values for R are calculated, under reference
condition, at G = 800 W/m? and 7. = NOCT and at low irra-
diance:

Ryt = R(G = 1000 W/m?, 7. = 25 °C) (122)

Ronocr = R, (G'=800 W/m?, 7, =NOCT)  (12b)
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Ry 1oy = R(G =200 W/m?, 7. =25°C) (12¢)
being NOCT the nominal operating cell temperature in the
module.

In Hquations (12a), (12b), and (12¢), R s, Bsnocr, and
R jow are calculated from Equation (6), using the experimental
values of 1y and /y; previously measured.

Then, R, can be estimated using the following empitical

expressions:
RS,NOTC - Rs,ref
R = Ry 09235 er (7c = Topes)  for
G > 300 W/m? (132)
1~48Rs,ref - Rs,low

R : (72 - 7:3,1()W) for

=R - -
s s,Jlow + 57— T

c,low

G < 300 W/m? (13b)
being 7; ),y = 25 °C and using the NOCT provided by the man-
ufacturer in the datasheet.

The expressions for Ry in Hquations (13a) and (13b) have
been deduced by the authors by means of an exhaustive anal-
yses of the experimental measurements. The starting point for
obtaining the equations has been a linear regression between
the three conditions that appear in Equations (12a), (12b), and
(12¢). The expressions obtained with this linear regression have
been modified in order to minimize the error for the modules
of all the considered technologies under the different conditions
of irradiance and temperature.

They are applicable, at least, to all the technologies studied in
this work: m-Si and p-Si and CdTe, CIS, and a-Si PV modules.

Equations (13a) and (13b) show that the variation of R with
7: is different for low G than for medium and high G. This can
be seen in Figure 3, which shows the R values calculated as a
function of 7¢. R . has been fixed to 18 Q.

Equations (13a) and (13b) have been compared to the expres-
sion proposed in [12], in which R depends exponentially on 7
through a temperature coefficient. The values for R obtained
with that expression have been depicted in Figure 3, in which
the temperature coefficient for R has been fitted in order to
minimize the error in R at high irradiance. It can be seen that
the exponential expression in [12] provides very similar results
to Equation (13a). Nevertheless, no variation with G'is consid-
ered in [12] for R,. Therefore, the exponential variation cannot
reproduce the R, values at low irradiance.

As will be shown later, Equations (13a) and (13b) lead to very
accurate results for the calculation of the /-1 curve for the wide
range of irradiances and temperatures considered in this work.
In this sense, the validity of the equations has been tested for 7
between 25 and 63 °C and for G between 130 and 1080 W/m?.

It is worth commenting that the conditions chosen to calcu-
late R in Equations (13a) and (13b) are those for which most
manufacturers supply the electrical parameters of the modules
in the datasheets. Although not every manufacturer provides the

50F x  Ref. [12]
—— This work
451 — — - This work, low irradiance| |
_40r
E -
R
) T -
O30f e
© -
.t—nl -
= 251
o}
o
n 20
g
Sist
101
5t
0
20 30 40 50 60
Module Temperature (°C)
FIGURE 3 R, values obtained with Equation (13a) and (13b) and those

obtained with the expression in [12] as a function of temperature. The solid line
corresponds to R values for G higher than 300 W/m?, while the dashed line
corresponds to G'lower than 300 W/m? £ ¢ has been fixed to 18

values at 25 °C and 200 W/m?, there is a tendency to include
them lately.

If the experimental values for the electrical parameters of the
module are only available under reference condition and for
G = 800 W/m?, the following expressions also provide very
good results:

Ronote = Byref

Ry = Ry + 092 =

: (7; - Yg,ref) for

¢ ref
G > 300 W/m? (14a)
R, =2R . for G <300W/m? (14b)
3.3 | Application of the method with a limited
set of data

The proposed method can also be applied in case only a lim-
ited set of experimental measurements are available. The way
to obtain the parameters through optimization allows to do it.
For instance, the method can be applied measuring the electrical
parameters under reference condition, at G = 800 W/m? and
7. = NOCT and at low irradiance and using Equations (13a)
and (13b).

Even without the electrical parameters at low irradiance, it
can be applied using Equations (14a) and (14b). The values of #
and Ry, s can be obtained as shown in Section 2.3, calculating
the values that minimizes the RMSE in Py for all the measured
values. In this way, it is not necessary to make detailed measure-
ments under specific conditions, obtaining a certain maximum
power mattix.
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The method can also be applied with the datasheet parame-

ters at reference condition, at 800 W/m? and at low irradiance,

at the expense of a lower accuracy. In this case, Equation (9) T, T,

provides accurate results for R, calculation, leading to a very Pyranometer

simple model. This approach can be useful for engineering pur-
poses, in the design phase of PV plants.

4 | RESULTS

A measurement campaign has been carried out for two com-
mercial a-Si and CdTe modules, throughout the year 2019, on
the campus of the University of Alcala (UAH), in Madrid. Dur-
ing this period, module in-plane irradiance values from slightly
above 100 W/m? to over 1100 W/m? have been recorded. Only
the measurements obtained on clear days have been processed,
in which the stability in the irradiance and temperature values
during the measurements is guaranteed. Regarding the ambient
tempetature, values from —3 °C to about 40 °C have been reg-
istered.

This wide range of environmental conditions is more than
enough to carry out an exhaustive characterization of the pre-
sented model in the two measured modules. In this sense, the
electrical parameters of the modules (including s¢, Voc, Py,
Iy, and T4) have been measured for 7, between 25 and 60 °C
and for G between 100 and 1000 W/m?. The results are shown
in Tables A1 and A 2 (Appendix 1).

4.1 | Calculation of Iyc . and &

In order to calculate & and Js¢ yf, 2 high precision pyranometer
(secondary standard) has been used. The measurements have
been made with natural light (outdoors), placing the pyranome-
ter in the same plane as the module. The temperature has been
measured by placing two type k-thermocouples on the back of
the panel, perfectly joined to it by thermal insulating putty. In
addition, the ambient temperature has been measured in the
plane of the panels.

The procedure used is as follows. Firstly, /5 is measured at
1000 W/m? and 7 close to 25 °C. The measurement is made by
placing the panel perpendicular to the sun with the pyranometer
in the same plane. It is always essential to check the irradiance
stability.

To carry out this measurement, a cold and clear day was
chosen at the end of February, with an ambient temperature
between —2 and 5 °C throughout the morning. After reaching
the irradiance level of 1000 W/m? in the plane of the panel,
Iy was measured at a temperature close to 25 °C for the a-Si
module and the CdTe module. It is not necessary to measute
exactly at the reference condition, since /5¢ ,.f can be obtained
by regression from the coefficient @, as shown below.

Furthermore, it is necessary to measure /s for 7. between
30 and 60 °C in order to calculate a. To set these temperatures,
a 9 kW industrial heater was used. The heater fan was kept away
from the plane of the panels, allowing the heating area to be

FIGURE 4

and the temperature coefficient for /5. Irradiance is measured with a pyra-

Experimental setup used to measure the short-circuit current

nometer in the plane of the panels. Temperature can be increased by means
of an industrial power heater. Temperature uniformity is checked by means of
4 thermometers around the module. The figure does not show two thermocou-
ples attached to the rear face of the module

much larger than the panel surface, ensuring temperature uni-
formity. This uniformity has been verified experimentally, by
means of four thermometers located around the measurement
plane (Figure 4).

To increase the temperature in the panel, it is possible to reg-
ulate the power and air flow of the heater. It is important to
preheat the area where the module is located to ensure thermal
uniformity.

Iscref and @ are obtained by finding those values that min-
imize the RMSE for the /5 measurements against 7_ at 1000
W/m? with respect to the estimation with Equation (11).
Table A3 (Appendix 1) shows the parameters obtained for the
two modules characterised together with the RMSE, expressed
as a percentage of the average /5. As it can be observed, the
error is very low in both cases, with values of 0.88% and 0.56%,
respectively.

Likewise, the theoretical and experimental values are shown
in Figures 5 and 6. The figures include a diagonal line with slope
one. Data above this line correspond to values overestimated by
the model, while those below correspond to data for which the
model predicts an /5 lower than the measured value.

4.2 | Calculation of V¢ ., B, and kg

According to Equation (10), I depends on three parameters,
Voc et> B> and &¢. These parameters are obtained by optimi-
sation: those values that minimise the RMSE for the estimated
I"o¢ compared to the experimental measurements are chosen.
It is important to notice that the temperature of the rear face of
the module is considered here. And the effective irradiance on
the panel is calculated according to Equation (8).

Figures 7 and 8 show the measurements made for ¢
and the value estimated using Equation (10) for the two mod-
ules characterised in our laboratory. The values for the three
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parameters and the RMSEs expressed as a percentage of the
average ¢ are shown in Table A3. It can be observed that the
results are very satisfactory, the RMSE is lower than 0.5% in the
two modules.

4.3 | Calculation of #, R, ., and kg,

As previously mentioned, these three parameters are obtained
by optimisation. The values for which the RMSE for the cal-
culated Py is minimum with respect to the experimental mea-
surements ate taken. /) and R must be previously calculated
in order to obtain Py;. It is important to note that the R, used
herein is that obtained with Equation (6), from the experimental
values of Isc, Ve, Iy, and 1y (although R does not explic-
itly depend on T, it does depend on [, for which 14 is
required).

In order to obtain the values of the current for each volt-
age in the /-1 curve, three different numerical methods have
been tested: fixed point iteration, Newton—Raphson, and bisec-
tion methods. The last two procedures give fewer convergence
problems than the first one. The latter has been finally chosen,
as it is the most robust in ensuting convergence.

Table A4 (Appendix 1) shows the optimum values for the
three model parameters for the two modules characterized by
the authors and for six modules of the reference [19]. The
RMSEs for Py with respect to the experimental values are also
included. They are expressed as a percentage of the average
Pyt

It can be observed that the values for # are consistent with
those expected for each technology [22-24]. In the case of the
CdTe modules, that of UAH has # = 1.5, compared to 1.8 for
that of [19]. However, for # between 1.5 and 1.8, the error in
these modules is very low. Therefore, either of the two values
leads to very similar results.

Regarding the a-Si modules, 7 depends on the number of
junctions. The calculated values are in the range 1.6-1.8 per
junction, as expected according to the literature.
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It is found that the results are very satisfactory. RMSE is
below 0.3% for the two modules measured. With regard to the
modules characterised by other authors [19], RMSE is system-
atically lower than 0.7%, being in most cases below 0.5%.

These tresults could be improved by taking the optimum value
for each module for Ggy, (fixed at 550 W/m? in Table A4).
However, this is not necessary given the low errors obtained.

Figures 9—12 show the modelled /~1"and P-1"curves for the
two modules characterised in the UAH. In order to compare
with the experimental results, the figures include the measured
values for the maximum power point of the modules at every
irradiance and temperature.

It can be seen that, as expected according to the low RMSEs
obtained (Table A4), the measured values are very close to those
provided by the model.

maximum power point is also displayed on each curve by means of a circle
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4.4 | Calculation of the I-V curve under
arbitrary irradiance and temperature conditions

Once the model parameters have been obtained, it is possible
to calculate the /-1” curve of the modules under arbitrary irra-
diance and temperatutre conditions.

For this purpose, /¢ and T ate firstly calculated with the
coefficients obtained in 4.1 and 4.2. Then, /; is calculated using
Equation (3) and R, using Equations (13a) and (13b), for each
value of 7; and G.

The results obtained with the model have been compared
with the experimental measurements carried out and with those
provided in [19]. Figures 13 and 14 show the measurements
made for Py; and the estimated values for the two modules char-
acterized in our laboratory. Table A5 shows the RMSE obtained
for Py for the eight modules considered. Both the errors using
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Equations (13a) and (13b) for R, and those obtained with Equa-
tions (14a) and (14b) are shown. The RMSE obtained calculat-
ing Py; with the Osterwald method (PTCM) is also included.

It can be observed that the model faithfully reproduces the
experimental values of Py, for the considered irradiance and
temperature range. For all the modules, the RMSE is lower than
2%, being below 1.5% in most cases. Both the full expression
and the two-parameter expression for R gives errors in this
range. The improvement by using Equations (13a) and (13b) is
small, hence both expressions can be used in practice.

Table A6 shows the optimum values for the three model
parameters obtained applying the method as described in Sec-
tion 3.3 for the two modules characterized in the UAH. The
RMSEs for the estimated Py are also included.

In the table, 7, By, .r and £gg, have been obtained calculat-
ing the values that minimizes the RMSE in Py; for the mea-
sured values under reference condition, at G'= 800 W/m? and
7. = NOCT and at low irradiance; and using Equations (13a)

Modeled Maximum Power (W)

Module Temperature (°C)

1000

800
600
400
200

Irradiance (W/m2)

Time (h)

FIGURE 15
power for the a-Si module as a function of time. The displayed values corre-
spond to three different days in the middle of June

Irradiance, module temperature and modelled maximum

and (13b). Gpe, has been set at 550 W/m? Then, Py; has
been calculated for all the irradiance and temperature conditions
shown in Tables 1 and 2.

It can be seen that the values obtained for the model param-
eters and for the RMSEs (lower than 1.3% in both modules)
are very similar to those calculated using the model parameters
estimated from all the experimental measurements.

Figures 15 and 16 show the evolution with time of the irra-
diance, module temperature, modelled maximum power, and
modelled voltage at maximum power point for the a-Si module.
The displayed values cortespond to three different days in the
middle of June. The values for ambient temperature and irra-
diance have been obtained from PVGIS database. The module
temperature has been calculated from the module NOCT.

It can be seen that the presented model allows calculating the
electrical parameters of the modules for a certain time interval,
including the values for 1y and /y;. This is an important advan-
tage compared to other models, such as the PCTM, which can-
not provide the values for the currents and voltages in the /=17
curve. In order to size the inverter in a PV plant, it is essential to
know the PV generator output voltage, which must be within
the range of maximum power point tracking of the inverter.
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And, in off-grid systems, in which a bank of batteries must be
charged by means of the PV generator, the output voltage of
the modules must be known, since it must be over the system
voltage.

In order to compare the proposed method with the values
provided by the one described in the IEC61853 standard, Py
has been calculated with both procedures at G'= 100, 200, 250,
400, 600, 900, 1000, and 1100 W/m? and 7, = 20, 35, 55, and
60 °C. These irradiance and temperature conditions include val-
ues within the range of those experimentally measured and also
outside that range.

The results are shown in Figure 17. It can be seen how both
methods provide very similar results, except when 7, and G
are outside the range of the measurement matrix. This happens
for G= 1100 W/m? and for 7, = 20 °C. In Figure 17, this is
the reason for the higher discrepancy at high Py. In this range,
errors up to 3% are observed for IEC61853 values, while values
below 1% are obtained in the rest of the cases.

The RMSEs obtained when calculating Py with the devel-
oped model are lower than those obtained with other methods.
With regard to the PTCM, the average for the RMSE of all the
modules is 3.15%, compared to 1.24% for the method proposed
here. It is worth noting that the PCTM gives large errors in thin-
film modules, above 3% for a-Si and CIS.
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FIGURE 17 Values obtained for Py with the IEC61853 procedure as
a function of those obtained in this work for [19] CdTe module. The figure
includes a diagonal line with slope one. Values above this line are overestimated
by the IEC61853 procedure while those below the line are underestimated

With regard to former published works, in [4], an average
RMSE for seven modules of different technologies of 1.4% was
obtained for TBIM. Or in [3], RMSEs for the PVFORM model
in the range between 1.9% and 4.9% are calculated, depending
on the technology of the module. In the same reference, RMSEs
for the PTCMCIN are between 1.1% and 4.4%.

With regard to other methods based on the single-diode
model, the results obtained herein clearly improve those of [9],
where RMSEs over 5% are reported even for single Py mea-
surements (at a specific irradiance and temperature) for the
two characterised thin-film modules. With respect to those pub-
lished in [10], the RMSE:s for crystalline silicon modules are sim-
ilar, while those for CIS modules are higher than in this work.
Nonetheless, the number of measurements in the aforemen-
tioned work is much higher, making the comparison difficult.

The model presented herein also provides very good results
at low irradiance. This, together with the lower number of
parameters required, makes it preferable compared to those
models based on two diodes, in the authors’ opinion.

5 | SUMMARY AND CONCLUSIONS

A method to obtain the /~1” curve for c-Si and thin-film PV
modules has been developed in this work. It is based on the
single-diode model, with a vatiable shunt resistance and series
resistance. A new expression for the shunt resistance, which
depends on the irradiance, has been deduced.

The diode ideality factor and shunt resistance are obtained
by optimization. The rest of the parameters that appear in
the /=17 curve equation (/) and R,) are obtained from the
PV module measurements by means of theoretical expressions.
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Measurements ate also required to calculate the temperature
coefficients for /5 and for ¢, as well as I5¢ rer and Vo pef

The procedure for obtaining the /~1” curve under arbitrary
operating conditions has also been described. A new expres-
sion has been introduced to calculate /¢ from temperature
and irradiance. Besides, a simplified procedure to transfer the
series resistance to arbitrary conditions is proposed.

The results obtained with the developed model have been
compared with experimental values for CdTe and a-Si mod-
ules, and with experimental results published in the literature
for other technologies.

The model faithfully reproduces the experimental values. For
all the modules, the RMSE for Py under different operating
conditions is lower than 2%, being below 1.5% in most cases.
These values are lower than those reported in the literature
for other models. In particulat, the model cleatly improves the
results for thin-film modules.

Compared to other procedures for calculating the electrical
parameters of PV modules under arbitrary operating conditions,
working with the /~1” curve allows obtaining 1%y and /;. Fur-
thermore, the developed model does not require to carry out
specific measurements to obtain # and Ry, apart from the elec-
trical characterisation of the modules at different temperatutes
and irradiances. Finally, the proposed method is valid for all flat
panel technologies that have been tested.
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APPENDIX 1

TABLE Al Experimental values obtained for /5¢, V¢, Py, Iy, and 1y as a function of G'and 7 for the a-Si module

G [W/m?] T. [°C] Isc [A] Voc [V] Py [W] In [A] VM [V]
1001 59.9 1.02 20.1 8.96 0.78 115
1002 44.7 1.02 21.5 9.40 0.78 12.0
999 35.6 1.00 22.3 9.62 0.77 12.5
1010 26.0 1.01 23.2 9.96 0.80 12.5
929 63.0 0.94 19.9 8.41 0.71 11.9
882 57.0 0.89 20.3 8.41 0.68 12.3
862 56.0 0.87 20.2 8.12 0.68 12.0
844 49.6 0.85 20.8 8.29 0.68 12.2
854 46.8 0.86 211 8.65 0.69 12.6
924 46.5 0.93 211 9.00 0.73 12.3
701 56.5 0.71 20.0 7.19 0.57 12.6
774 50.1 0.78 20.8 8.00 0.63 12.6
750 30.0 0.75 22.3 8.30 0.62 13.4
476 54.0 0.48 19.5 5.40 0.40 13.5
487 43.0 0.48 20.6 5.72 0.42 13.6
501 31.0 0.49 21.8 6.15 0.43 14.3
251 51.0 0.25 19.0 2.65 0.21 12.8
249 36.1 0.25 20.4 279 0.21 13.2
248 31.3 0.25 20.7 279 0.21 13.5
248 26.0 0.24 21.2 2.88 0.21 13.8
150 56.0 0.15 18.0 1.59 0.12 12.7
131 42.0 0.13 18.9 1.54 0.11 13.5

TABLE A2  Experimental values obtained for /5, Ve, Py, Ly, and 1y as a function of G'and 7;, for the CdTe module

G [W/m’] T. [°C] Isc [A] Voc [V] Py [W] In [A] Vum [V]
1080 59.0 1.98 531 75.90 1.79 424
1001 55.6 1.82 52.8 71.29 1.65 433
1018 49.0 1.84 53.8 72.85 1.60 455
1000 45.1 1.81 53.9 72.56 1.62 44.7
953 37.9 1.72 54.0 69.22 1.53 452
1000 352 1.79 54.9 73.67 1.64 45.0
959 338 171 55.0 70.00 1.52 46.0
996 26.0 1.79 56.0 75.15 1.63 46.1
1002 254 1.77 55.8 75.24 1.62 46.4
759 56.8 1.39 51.8 52.54 1.24 42.4
802 45.0 1.44 52.9 56.40 1.28 44.0
738 28.8 1.31 54.5 53.48 1.18 453
300 36.0 0.54 50.8 2048 0.49 42.1
261 50.6 047 487 16.09 0.42 385
161 55.8 0.30 464 9.76 0.26 38.1
152 358 0.27 48.6 8.80 0.24 36.8
198 28.1 0.35 50.2 13.20 0.32 415

145 27.8 0.26 49.1 9.20 0.23 40.0
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TABLE A3 Values obtained for /¢ ref, &, VO, refs B> and £g for the two modules characterized in the UAH. The RMSE for the estimation of /¢ and V¢
with respect to the experimental values is also included

Isc rer [A] a[°C™] RMSE Igc [%] Voc,eet [V] Brc ke [V RMSE Vo [%]
a-Si UAH 1.00 0.00053 0.88 —0.0038 0.08
CdTe UAH 1.78 0.00071 0.56 —0.0018 0.03

TABLE A4  Optimum values for 7, Ry ref, and &gg, for the two modules characterized in the UAH and for 6 modules of [19]. Gggy, has been set at 550 W/m?.
The RMSE:s for the estimated Py are also included

UAH modules n Ry, [Q2] kRen [M2/Q] RMSE [%]
a-Si UAH 1.8 2090 0.0050 0.16
CdTe UAH 1.5 750 0.0055 0.29
Reference [19] n Ry, [Q] kRren [M2/Q] RMSE [%]
CdTe 1.8 950 0.0086 0.48
a-Si/a-Si/a-Si:Ge 4.8 60 0.0050 0.67
a-Si/a-Si:Ge 3.2 615 0.0039 0.50
CIS 1.7 120 0.0081 0.51
p-Si 1.2 125 0.0078 0.16
m-Si 1.2 155 0.0035 0.16

TABLE A5 RMSE obtained for Py for the 8 modules considered (a-Si and CdTe measured in the UAH and the 6 of [18]). Both the errors using Equations
(13a) and (13b) for R and those obtained with Equations (14a) and (14b) are shown. The RMSE obtained for each module with the Osterwald method (PTCM) is

also included

R, Equations (13a) and (13b) R, Equations (14a) and (14b) PTCM
UAH modules RMSE [%] RMSE [%] RMSE [%]
a-Si UAH 1.22 1.24 7.16
CdTe UAH 0.95 0.92 2.46

R, Equations (13a) and (13b) R, Equations (14a) and (14b) PTCM
Reference [18] RMSE [%] RMSE [%] RMSE [%]
CdTe 1.30 1.43 1.68
a-Si/a-Si/a-Si:Ge 1.04 1.07 3.2
a-Si/a-Si:Ge 1.53 1.55 4.21
CIS 1.90 1.93 3.67
p-Si 1.18 1.27 1.15
m-Si 0.76 0.71 1.65
Average 1.24 1.27 3.15

TABLE A6  Optimum values for 7, Ry, of, and &gy, calculated with the simple method described in section I11.C for the two modules characterized in the

UAH. Gpg, has been set at 550 W/m?2. The RMSEs for the estimated Py are also included

UAH modules n R, [Q] kgen [m2/Q] RMSE [%]
a-Si UAH 1.8 2100 0.0055 1.23
CdTe UAH 15 750 0.0055 0.95
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