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Abstract

Accurate and reliable PV device modelling is a fundamental tool to optimize system performance. The regular operation of the PV
system in an outdoor condition implies the need for a model that relate the environmental effects. This paper presents a new, simple,
and efficient method for constructing the /-V characteristics for a PV cell incorporating the environmental conditions. The proposed
model is based on the idea of dividing the voltage axis of the solar cell /-V characteristics using a fixed time interval. For each voltage
interval point, a two-dimensional current matrix is calculated, corresponding different irradiance conditions and temperatures.
Polynomial surface fitting is used to build sub-models for each voltage interval. The current two-dimensional matrix, for each point, is
calculated by two different methods. The first method is based on linear interpolation of the measured /-V curves. The second method

uses pre-extracted five parameters for the well known single diode model at a wide range of environmental conditions. The developed

modelling technique provides accurate results compared with the measured data for a mono-crystalline solar cell.
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1 Introduction

The accurate power prediction under various environmen-
tal conditions is a crucial issue for the PV system power
investment. Developing countries are facing severe chal-
lenges in selecting the proper PV modules for having effi-
cient power production to cope with various environmental
conditions. A reliable modelling tool is essential to optimize
system performance and cost-effectiveness [1-3]. The PV
module’s datasheet information measured at standard test-
ing conditions (STC) (i.e. irradiance = 1000 W/m?, tempera-
ture = 25 °C, and AML.5) is not sufficient to build accurate
and reliable system models that are able to take into account
the changing operating conditions like different irradiance
conditions and varying temperatures [4]. Researchers are
using various approaches for describing the current-voltage
characteristics (/-V curves), each with different theoretical
and physical basement and different level of accuracy of
the final results. Some methods are entirely empirical [5-7].
These models are not based on theoretical descriptions.
The primary goal of these approaches is to have an explicit
mathematical description of the current in dependence
on the voltage and other elementary environmental factors.
Such methods that do not include technological or structural

parameters of the device have the drawback of limitation
in exploring the device behavior. An advantage of these
methods of modelling is not losing accuracy due to relying
on imprecise physical definitions.

In [5] the authors proposed a model for the /-V charac-
teristics given as

Voe =V
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where the coefficient 4 represents the ratio of the open cir-
cuit voltage (V) to the short circuit current (), B and C
are calculated from two selected points of the measured
I-V curve. An extension for this work has been presented
in [6] to obtain a closed-form solution for transient voltage
and current when a solar device is loaded with R-L or R-C
loads. Their model is given as

=KV + KV +K,, )

where K, ,

characteristics points: the open circuit, maximum power

K, and K, are obtained by satisfying the three

and short circuit of the PV device. The research work pre-
sented in [7] introduces a characteristics model that takes
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into consideration the temperature of the panel and the effect
of the irradiance. Their proposed model is given as

- Jeeiori)
](V) =a-1 T, l—e b(r-a1=7 ) (Vo +7,) b ’ (3)
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where a is the percentage of the effective light intensity,
7, is the rate of change for the current, z is the rate of
change for the voltage, 7 is the ideal maximum current
(when V' = —oo at STC), b is the characteristics /-V con-
stant, y is the shading linear factor, V/__is the open circuit
voltage at 25 °C and 1000 W/m?.

The other main modelling approach is based on a
theoretical foundation that describes the operation of
the PV device considering the technological parameters.
Using deep theoretical knowledge provide the ability
for predicting the effects of changes in materials, tech-
nology or structural parameters. The difficulty in apply-
ing such an approach is the availability of the technologi-
cal and structural parameters which are required to build
the model. The work presented in Vaillon et al. [8] is con-
sidered as an example of the theoretical model, in which,
the authors proposed a physical and numerical solar cell
model as a function of the irradiance and temperature.
Their model considers the solar cell as a single p-n junc-
tion as a simplified case to develop a coupled heat trans-
fer - photoelectric phenomena comprehensive model.

Approaches incorporating both empirical and the-
oretical modelling concepts are considered semi-em-
pirical models. Thereby, combining the advantages of
the behavioral description of the p-n junction that includes
physical parameters and also based on measurements.
This approach is implemented by one of the two follow-
ing modelling techniques: single diode model (SDM) and
the double diode model (DDM).

Fig. 1 shows the SDM model in which a single diode is
imitating both the charge carries diffusion and the recom-
bination in the depletion region. In the DDM model,
these two physical phenomena are modelled with a sepa-
rate diodes, as shown in Fig. 2.

Both models are implicit and non-linear. Although
the DDM model is considered to be more accurate,
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Fig. 1 The single diode model equivalent circuit of a PV cell.
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Fig. 2 The double diode model equivalent circuit of a PV cell.

more characteristics parameters have to be determined.
The SDM is widely used by the researchers for modelling
PV cells because it represents a good compromise between
complicity and accuracy due to less number of parameters
that have to be calculated as well as the excellent level of
accuracy [4, 9-15]. The main physical reason for that is
the minor effect of the charge carriers recombination near
the depletion region at a high operating voltages that are
typical for solar cells. On the other hand at lower voltages
the photocurrent dominates and once again, suppresses
the recombination current of the diode.
The mathematical expression of the SDM is given as

&) 1) V+IR

1=1,-1, (e " )
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where (Iph) is the photogenerated current, (/) is the
reverse saturation current, (n) is the ideality factor of the
PV cell, (R) is the cell series resistance, and (R ) is the
shunt resistance.

In this paper, a new solar cell modelling technique is pro-
posed to reproduce the I-V characteristic curve at any irra-
diance condition and temperature. The model is based on
the consent of dividing the voltage axis with a fixed interval.
The voltage interval points track the solar cell output cur-
rent values corresponding to different environmental condi-
tion. For each voltage interval point, it is required to record
the currents under a wide range of measured /-V curves to
produce a two-dimensional current matrix. A sub-model is
constructed for each point using a polynomial surface fitting.
The top-level model that provides an /-V curve at any given
environmental condition is based on the combination of all
sub-modules, by evaluating them and calculating the current
for the corresponding voltage interval point.

2 Theory

The work presented in this paper is based on tracking
the current values corresponding to fixed voltage interval
points. Each one of these voltage intervals will be subject
for investigating the irradiance and temperature depen-
dence of the output current. This concept has been imple-
mented by utilizing two different methods to determine
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the currents values corresponding to a specific voltage
interval under different irradiance conditions and tem-
peratures /(G,T), where i is the voltage interval points
index. As a result, we will get a two-dimensional matrix of
current values for each voltage interval in dependence of
the temperature and the irradiance, representing the first
part of building the model. The second part includes fit-
ting a polynomial surface to create a sub-model for each
voltage interval point. The following two subsections
show more details about building the model.

2.1 Construction of the two-dimensional current matrix
for each voltage interval point

Linear interpolation method (LIM) is the first technique
for calculating the current matrix /(G,T). The available
measured /-V curves include data points where the volt-
age steps between the measurement points are different
from one curve to another. This method aims to reproduce
the measured /-V curve, such that, the new interpolated
data is selected to be always at the same voltage interval.
Hence, a new -V data set is generated corresponding each
measured curve under different environmental conditions,
from which, we shall construct the /(G,T) matrix.

The second method for calculating the current matrix
is based on the pre-extracted five parameters of the SDM
(we use the abbreviation SDMBM for this method) for each
measured curve under the environmental investigation
range. Based on the SDM mathematical representation,
the five parameters are the photogenerated current (Iph),
reverse saturation current (1)), the ideality factor (n), series
resistance (R ), and shunt resistance (Rsh). For this pur-
pose, we use the results of our ongoing research work
which was focusing on extracting the five characteristics
parameters for the SDM solar cell/module equivalent cir-
cuit. In which, the least square method is used as an error
minimization technique for fitting the non-linear transcen-
dental model equation of the solar panel to the measured
I-V characteristics. Newton Raphson method is applied to
solve the system of five non-linear equations which repre-
sent the error of each parameter.

For each voltage interval point, the current values will
be calculated using the extracted five parameters cor-
responding to each input /-V curve. The used formula
for calculating the currents is the explicit form of the SDM
based on the Lambert W-function given as [16-18]:
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where W is the principal branch of the Lambert /#-function.

2.2 Surface fitting for constructing the model

Using both methods from Section 2.1, considering
the availability of measurement at different temperatures
and irradiance conditions, a two-dimensional matrix of
current values will be calculated for each voltage interval
point. A polynomial surface function is required to be fit-
ted to the current matrix data to generate a sub-model cor-
responding to each voltage interval point.

For this purpose we are using a fifth order polynomial
surface function. Hence, there are 21 coefficients for each
voltage interval points. Although, there is a large number
of coefficients; however, calculating the coefficients has to
be done only once. Fig. 3 (a)-(c) shows an example of the
fitted surface for the current values for the voltage interval
points 0.1 V, 0.2 V, and 0.3 V, respectively, using the sec-
ond method (based on the SDM pre-extracted parameters).

The mathematical representation of the sub-models
resulting from the fitted function is given as
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where I is the calculated current value corresponding to
a specific voltage interval point (i), B —B’' are the fitting
coefficients corresponding to the surface function of the
current at the same voltage interval point in dependence
on the irradiation and the temperature. 7 and G are the tar-
geted temperature and irradiance conditions, respectively,
at which a new /-V curve is required to be constructed.

The final step is to calculate the current corresponding to
each voltage interval point using the corresponding coeffi-
cients as a function of the targeted 7 and G, and by consider-
ing only the /-V points in the first power quadrant.
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Fig. 3 Surface fitting for the current values corresponding to a single
voltage interval point on the axis under different environmental
conditions. () ¥=0.1 V.(b) V=02 V.(c) V=03 V.

3 Results and discussion

For testing and validating the proposed model we use
I-V curves measurement under irradiance range of
200 W/m? — 1200 W/m? and temperature range of 10 °C —
85 °C, for a mono-crystalline cell from previous labora-
tory measurements [17]. For this PV sample, the max-
imum voltage that could be realized as an output under
the considered environmental ranges is 0.5 V; therefore,
50 points starting from 0.01 V up to 0.5 V (voltage inter-
val is 0.01 V) has been selected to construct the model.
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For I(G,T) matrix using both proposed method, Eq. (6) is
used constructing a new /- curve at any selected irradi-
ance (G) and temperature (7'), by calculating the current
value corresponding to each voltage interval.

Fig. 4 (a), (b) shows the constructed I-V curves of the PV
sample at different temperatures and irradiance conditions,
respectively, for the linear interpolation method (LIM).
While Fig. 5 (a), (b) shows the results when using the SDM
pre-extracted parameters based model (SDMBM).

Evaluating the performance of the model presented
in this work and quantifying the error is performed by cal-
culating the error at the maximum power point (J), and the
mean absolute percentage error (MAPE).

Tables 1 and 2 show the evaluating parameters for the
proposed model based on both /(G,T) calculation meth-
ods, for different irradiance conditions and different tem-
peratures, respectively. Table 1 shows the result of different
irradiance conditions at 20 °C temperature. Table 2 shows
the result of different temperatures at 1000 W/m? irradiance.

Table 3 shows the performance monitoring param-
eters which are calculated by comparing 456 con-
structed /-V curves with the measured characteristics
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Fig. 4 New constructed I-V curves based on the LIM together with the
measured data (a) At 1000 W/m? and different temperatures (10-85) °C.
(b) At 20 °C and different irradiance conditions (200-1200) W/m?.
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Table 2 Model evaluation at different temperatures for both /(G,T)
calculation methods.
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Fig. 5 New constructed I-V curves based on the SDMBM together
with the measured data. (a) At 1000 W/m? and different temperatures

(10-85) °C. (b) At 20 °C and different irradiance conditions
(200-1200) W/m?.

Method T2(°C) 5% MAPE %
10 1.36 0.66
25 0.97 0.13
40 5.08 1.68

LIM
55 2.41 331
70 1.00 515
85 0.78 0.12
10 0.53 3.97
25 0.54 1.50
40 175 0.24

SDMBM
55 0.20 0.92
70 2.67 3.40
85 271 2.48

Table 3 Evaluation of the proposed model using 456 curves at different

environmental conditions.

Percentage of

Average Worst curves with
Method Parameter & recorded
value alue error value
valu > 59,
LM ) 1.69 % 777 % 32%
MAPE 1.86 % 5.93 % 4.8 %
SDMBM 5 2.11 % 5.69 % 21 %
MAPE 1.67 % 491 % 0.0 %

Table 1 Model evaluation at different irradiance conditions for both

1(G,T) calculation methods.

Method G2 (W/m?) 0% MAPE %
200 1.87 1.37
400 2.78 0.14
600 2.82 5.44

LIM
800 1.80 0.26
1000 1.38 0.78
1200 0.57 0.66
200 1.10 0.47
400 1.37 0.96
600 1.32 0.19

SDMBM
800 0.66 0.85
1000 0.60 2.13
1200 0.99 0.49

at the corresponding environmental conditions, using
the proposed model based on both presented current
calculation methods.

The presented validation results reveal the applicability
under a wide environmental range using both of the intro-
duced methods for calculating the current matrices values.

However, from the Figs. 4 and 5 and from the Tables 1,
2, and 3 we can conclude a slightly better performance
in case of using the SDM based method for constructing
the current matrices values.

As shown in Table 3, the average value of the MAPE
is below 2 % using both methods for extracting the cur-
rent matrices. The average error at the maximum power
point is 1.69 % when using LIM, while it is 2.11 % with the
SDMBM. However, this should not be considered as a per-
formance advantage for the LIM, because both method
inherent very low error value and these numbers are very
close to each other. The last column in Table 3, shows
the percentages that indicate how many modelled curves
out of the 456 include errors above 5 % for both error eval-
uation parameters. From this part of Table 3, it can be
seen that SDMBM give better result, compared with LIM,
for both error parameters values, where no MAPE was
recorded above 5 % and only 2.1 % of the tested curve got
o0 values between 5 % and 5.69 % as maximum.

Reducing the amount of data measurement is consid-
ered as a practical solution in PV modelling. Table 4 shows
the result of reproducing 456 I-V curves using a decreas-
ing number of the measured /-V curves. The reduction of



Table 4 Model evaluation using different numbers of /-V curves within
the same range of the environmental conditions.

Average value

No. of I-V curves 456 288 152 90 57
0 1.69% 231% 517% 675% 895%
MAPE 186% 3.12% 6.60% 838% 10.62%

the measurement is carried out by considering a different
interval of the temperature (2 °C, 3 °C, 5 °C, and 8 °C); hence,
we investigate constructing the model using 288, 152, 90,
and 57 I-V curves, respectively. The table shows an increas-
ing value of the error quantifying parameters with decreas-
ing the number of measurements used to build the model.
However, with reducing the I~V curves to the half, we still
see average error value below 5 % for both parameters.

4 Conclusion

In this paper, a new, simple, and accurate model for con-
structing the PV cell I-V characteristics were developed
and presented. The model concept is based on consid-
ering the interval axis as fixed interval points for track-
ing the current value changes under different irradiance
conditions and different temperatures. The model is con-
structed in two steps. The first step is to calculate the cur-
rent values under different environmental conditions
I(G,T) for each voltage interval point. This concept was
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