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Numerical simulation using mathematical models that take into account
physical phenomena governing the operation of solar cells is a powerful tool
to predict the energy production of photovoltaic modules prior to installation
in a given site. These models require some parameters that manufacturers do
not generally give. In addition, the availability of a tool for the control and
the monitoring of performances of PV modules is of great importance for
researchers, manufacturers and distributors of PV solutions. In this paper, a
test and characterization protocol of PV modules is presented. It consists of
an outdoor computer controlled test bench using a LabVIEW graphical
interface. In addition to the measuring of the IV characteristics, it provides
all the parameters of PV modules with the possibility to display and print a
detailed report for each test. After the presentation of the test bench and the
developed graphical interface, the obtained results based on an experimental
example are presented.
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1. INTRODUCTION

Industrial development and technological progress in several areas such as communication and
transport is accompanied by enormous energy needs. Much of this energy is produced from fossil fuels such
as oil, natural gas coal or nuclear. However, fossil energy production is highly polluting because it generates
emissions of greenhouse gases and nuclear waste product requires very expensive treatments [1].

Renewable energies in general and solar photovoltaic (PV) in particular are therefore a good
alternative to ensure sustainability in the global energy production with environmental protection because it
is a renewable and a non-polluting energy source.

A solar PV source has long been limited to autonomous un-grid-connected applications in remote
rural sites as desert lands or mountains or for nomad applications. But in the last decades, solar PV has
entered into settlements with the Building Integrated Photovoltaic (BIPV) and technology of photovoltaic
grid-connected systems. This has significantly increased the demand for PV modules and thus made this
highly profitable market. Consequently, this phenomenon drived by the emergence of new applications of PV
panels and systems, their large diffusion and a decrease of their price, has led to a large growth of the number
of actors in this field, namely researchers, manufacturers and distributors. All these actors need control and
test tools for PV modules on the market but also computational tools to predict the production and the
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electrical behaviour of a PV module before the installation. The tools have to take into account the solar
radiation, some physical parameters as temperature, and the possible topology of the PV generator in a given
site. This can be facilitated for a part by the use of physical model and numerical simulation of the operation
of PV modules. Thus, upstream, new integrated tools are necessary to be developed by research teams for,
downstream facilitate and optimize the conception process of new PV systems by manufacturers and
distributors.

PV module manufacturers provide usually data characteristics of PV modules under Standard Test
Conditions (STC), where the irradiance is 1000 W/m? and the cell temperature (Tc) is 25°C. Some of the
parameters typically provided by manufacturers are the maximum power (Pmp), the short circuit current
(Isc), the open circuit voltage (Voc), the current and voltage at the maximum power point (Imp and Vmp)
and the temperature coefficients for the short circuit current and open circuit voltage (oys. and Byoc)-

The physical models describing the functioning of PV modules, such as the single diode model need
parameters that are not given in the manufacturer’s data sheets. Therefore their determination is required.

Some authors have presented an implementation of the single diode model in LabVIEW [2], [3] for
simulation needs. These techniques require the introduction of model parameter values. These values vary
from PV module to another and are also affected by atmospheric conditions such as temperature. Several
techniques for calculating the single diode model parameters from experimental measurements of the IV
characteristic are found in the literature [4].

LabVIEW software is a powerful tool for data acquisition using specially designed cards or by
controlling measuring instruments [5], [6]. It is widely used in photovoltaic for the monitoring of installations
for example [7].

It is ideally more convenient to have a single LabVIEW Graphical User Interface (GUI) that
controls data acquisition and also performs all other operations such as parameter extraction and simulation.

Taking into account all previous considerations, we present and validate in this contribution an
original and complete outdoor and computer controlled test bench via a LabVIEW GUI for researchers and
professionals working in the application and development fields related to renewable energies, mainly
photovoltaic. This tool allows the measurement of the I-V characteristics of PV modules and the extraction of
all the working parameters and all the parameters of the physical model and the simulation of the I-V and P-
V characteristics under measurement conditions and under STC. A technical report giving all the details and
all the parameters of the PV module is thus displayed and possibly printed to establish a written report.

2. FUNDAMENTALS

2.1. The Basic Single Diode Physical Model

The model used in this work is the well-known single diode model. This model perfectly describes
the operation of the PV module taking into account the physical phenomena governing the operation of solar
cells. It is defined by the electrical circuit of Figure 1 and by Eq. 1 [8].

Figure 1. The Equivalent circuit diagram of a PV Module according to the single diode model

The photo-generated current Iph depends on the solar irradiance and temperature; it is represented by
a current generator. The diode D1 represents the diffusion and recombination losses, the series resistance Rs
represents the losses in metallic bonds and the shunt resistance Rsh all the other losses.

V+IRg V+IRg
I=1Ly—1I, [exp(n;ﬂ)—l]— _ (1)

.Ng. Rsh
S q
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I and V are the current and the output voltage of the PV module respectively. I, is the saturation current of the
diode, n is the ideality factor, Ns the number of solar cells in serial composing the PV module, K is the
Boltzmann constant (1.38 x 10%* J / K), T¢ the cell temperature and q the elementary charge (1.6. 10"
Coulomb).

2.2. Principles of the Parameter Extraction

The short circuit current Isc, the open circuit voltage Voc, the maximum power Pmp, the voltage
and current at the maximum power point respectively Vmp and Imp, and thus, the fill factor FF = (Vmp.Imp)
/ (Voc.Isc) and the efficiency n can be easily extracted from an experimental I-V characteristic of a PV
module. But for the model parameters (Iph, Iy, n, Rs, Rsh), numerical extraction techniques are required. The
method used in this work is the numerical method with five points. It involves the numerical resolution of a
system of five nonlinear equations obtained by applying Eq.1 to five points of an experimental I-V
characteristic [9]. These five points (cf. Figure 2) are: the short circuit point, the open circuit point, the
maximum power point and two other points (V = Vx, I = Ix) and (V = Vxx, | = Ixx) chosen so that:

Vy = %Voc and Vyy = %(Voc + Vmp) ()

(O dsc) . 0x)

Current

Voltage

Figure 2. The five points of the IV characteristic used in the extraction method

The resolution of the system by the numerical method provides the various values of the desired
parameters. The main drawback of this method is that it requires a good estimation of the initial values,
which defines the accuracy of the modelling process. Indeed, a good estimation of these initial values leads to
a rapid convergence of the method and, on contrary a bad one is synonymous with slow convergence or even
divergence. Considering some approximations, Phang et al [10] have developed analytical expressions for the
calculation of these parameters. In this present work, the results obtained from the analytical expressions of
Phang are considered as initial values for the numerical method, which is based on successive
approximations.

2.3. The Translation Equations

The plot of the I-V characteristic of a PV module using the equation of the model, Eq. 1, allows a
comparison of the performance of the considered module with the standard ones, given by the manufacturer's
datasheets. We have plotted this characteristic by taking into account the dependence of the parameters on
the working conditions, particularly, the solar irradiance and the temperature. Information given by the
manufacturers of PV modules correspond to data obtained under the Standards Test Conditions (STC) where
the solar irradiance is 1000 W / m?, the cell temperature is 25 © C and the Air Mass is AM1.5. On contrary,
when the parameters are extracted from experimental measurements under natural reference conditions of
irradiance and cell temperature (GRef and TCRef), the following translation equations have to be used [11],
[12].

G
Iph = @ . [Ithef + O(Isc (TC - TcRef)] (3)
T 3 qE 1 1
NENES BENE 4
0 ORef TCRef €xp nK TCRef Tc ( )
Rsh GRef
— ZRef 5
RShRef G ( )
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G
ISC = ISCRef'@ + aISC(TC - TCRef) (6)
KT¢ e G
Voc = VOCRef + nTRfln (@) + BVOC (TC - TCRef) (7)

Where, lpnret, Iscret, Vocret, lorer and Rgnrer are respectively, the solar irradiance, the cell temperature,
the photocurrent, the short circuit current, the open circuit voltage, the saturation current and the shunt
resistance at reference conditions, G and Tc are the irradiance ant temperature at the translated conditions
which may be the STC. Eg is the Gap (eV), ai,. and By, are, respectively, the temperature coefficients of the
short circuit current and the open circuit voltage.

Two parameters remain to be translated: the series resistance Rs and the ideality factor n. The serial
resistance affects the slope of the I-V characteristic in the area where the PV module operates as a voltage
generator. Its variation with the temperature is not so important to induce a significant error on the maximum
power point and it is generally admitted that Rs remains constant in the standard working temperature range
[11]. We consider also that the ideality factor n is not affected by the temperature.

3. THETEST BENCH

3.1. Presentation

The principle of the test bench developed in the context of this contribution is based on the block
diagram of Figure 3 and the experimental realization is shown in the photo of Figure 4. It consists of a
structure on which are installed the PV modules to be tested, an electronic load built with MOSFETS, a Data
Acquisition and Switch Unit (Agilent 34972A). We have developed under LabVIEW environment an
interface to drive and control this test bench. The solar irradiance is measured with a pyranometer fixed on
the same plane as the PV module to be tested, the temperature of the PV module is measured with a PT100
sensor bonded to its back and the current is measured with a Hall Effect sensor.

Irradiance -
.Temperature »  Data acquisition and control
PV Module

b= @ .2 USB

5 s e 3

= = o 9ol g

3 > 28 A

- il 4

PC with

~ Electronic Load LabVIEW

AR

Figure 3. Block diagram of the installed test bench for PV modules
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- =ptall T .

Pyranometer

Agilent 34972A

Electronic
load

Figure 4. View of the test bench (a) PV Module with the Pyranometer, (b) Electronic load, Agilent 34972A
unit and PC

3.2. Electronic Load

To characterize a PV module, first we must plot the current-voltage (I-V) characteristic and take up
the tests conditions (solar irradiance and temperature). Therefore, the measurement must be rapid enough to
avoid possible variations in solar irradiance during the whole procedure. Ideally, we should have to vary the
load of the PV module from zero to infinity very rapidly, which is possible by the use of electronic loads.
Several types of electronic loads have been reported in the literature. Some are based on DC / DC converters
[13]; others are based on MOSFETs controlled by an Operational Amplifier [14].

The electronic load used in this contribution is based on MOSFETs whose gate voltage is controlled
by a capacitor. The circuit of the electronic load previously described in [15] is shown in Figure 5. For self-
consistent explanation, we summarize the operating mode of this load. When push button T is closed, the
capacitor C is charged through the resistor R1. When T is open, C is discharged through the resistance Req
(potentiometer R and the resistance R2) inducing a variation of the gate voltage Vg of MOSFET transistors
and their drain current switching from maximum (short circuit) to minimum (open circuit) values. In order to
improve the response time of the test bench, the push button is replaced with a relay controlled by the
LabVIEW program (see next paragraph) via the Agilent 34972 unit.

R1

“AAA . - *

= b
o
ﬁ] X B =
IRFP150 IRFP 1
_ R3 R RFP1SO0 Rs “ ks E

T

5L

R10
AN,

Figure 5. The electronic load circuit
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3.3. LabVIEW Graphical User Interface

The test bench installed is fully controlled by a dedicated program developed under LabVIEW
software environment. A LabVIEW program possesses two windows. A Front Panel also called the
Graphical User Interface (GUI), and a diagram that contains the program governing the GUI [5]. The two
pages of the developed GUI are shown in Figure 6 and 7.

The developed program controls the electronic load and the various sensors via the Data Acquisition
and Switch Unit (Agilent 34972 A). Once the current-voltage (I-V) characteristic is measured, it is displayed
with the power-voltage (P-V) characteristic and all corresponding parameters on the first page of the GUL
Translation to STC is then performed to display on a second page the parameters and I-V and P-V
characteristics at STC. All technical data of the PV module are displayed at the top of both pages with the
dropdown list where the name of the PV module to be tested is selected. Each measured I-V characteristic is
automatically saved with the irradiance and cell temperature under which it is measured in Excel file with a
name consisting of the date and time of measurement.

Within this developed GUI, simulation is also performed to validate the model with the extracted
parameters, and calculate the performance at STC. A test report can be printed from the GUI. It is similar to a
data sheet that contains all the information on the GUI after testing a given PV module.The block diagram of
Figure 8 describes the overall operation of the program governing the developed GUI and some stages of the
diagram are shown in Figures 9 and 10.

{3 Guenounou 1V Characterisationvi L= X

File Edit View Project Operate Tools Window Help

s@/@n ol

i ] B Philadelphia-M36-120 .
Print Number of Cells Ns 36

+ Isophoton-Ts-75/12
Repport JT-185-M

B STOP ‘

Active Area S (m%) 0g67

Measurement and Characterization IV under Natural Conditions

Start New I-V Measure

L Bk by it 5

. 1 35
Short Circuit flurl:ent Isc (A) 13.100 0 ~
} Open Circuit Voc (V) 20.699 _25 \
Trradiance [W/m’]/" 660 X g_h
o fw, Maximum Power Pmp (W) 47.559 g - \
710.417 | ;9 -~ yp_ | Voltage at Maximum Power Vmp (V) 16.525 " \
o 1 Current at Maximum Power Imp (A) 2.878 05 \
" ) 00- o =
Field Factor FF (%) 173.903 00 25 50 75 100 125 150 175 200 225 250
Efficiency Eff (%) 10.037 okl
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g N
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25.771 i Photocurrent (A) 3112 0 / \
zz Saturation Current (A) |9.254E-9
Ideality Factor 1.138

Series Resistance (Ohm) |0.448 o0 / \
Shunt Resistance (Ohm) 518.257 i

i |
00 25 50 75 100 125 150 175 200 225 250
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Power (W)
=
=
| T

Figure 6. Developed GUI: measuring page
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4. VALIDATION

We have chosen as an example study case, a single crystalline Silicon PV module with 36 cells
connected in series. Several tests have been realized with the developed bench for different pairs of
Irradiance and Temperature. As we explained earlier, the GUI allows the control of the bench, observing
results and also the validation of these. As shown in Figure 7, there is a perfect overlap between the measured
IV and PV characteristics (discontiued points) and those simulated (continued red curves). This has been
verified for several tests.

For further validation, we have performed a comparison among the test results translated to STC
from different Irradiance-Temperature pairs and values of the data sheet of the PV module (see Table.1). This
comparison concerns the short-circuit current (Isc), open circuit voltage (Voc), maximum power (Pmax),
voltage and current at the maximum power point (Imax and Vmax). As a comparison criterion, we used the
relative error defined by the following expression.

AX/X — Xmeas—Xdatasheet 100 (8)

Xdatasheet

Where, Xineas and Xgaatasheer are respectively the measured and the datasheet value of the parameter X.

Table 1. Comparison between datasheet PV module performance and those measured at different conditions
and evaluated at STC
Values translated to STC from different conditions of G and Tc

Datasheet G =687.19 W/m? G =722.28 W/m? G =1770.38 W/m? G =850.97 W/m?
Parzl)rél)eter values at Tc=36.84°C Tc=37.37°C Tc=26.79°C Tc=31.88°C

STC X AX/X X AX/X X AX/X X AX/X
Pmax (Wc) 75+10% 67.01 -10.65 % 67.41 -10.12 % 67.43 -10.09 % 67.52 -9.97 %
Isc (A) 4.67 427 -4.72 % 4.32 -4.07 % 4.32 -3.70 % 4.38 -3.89 %
Voc (V) 21.6 20.58 -8.57% 20.72 -7.49 % 20.80 -7.49 % 20.76 -6.21 %
Imax (A) 4.34 3.98 -8.29 % 4.02 -1.37% 3.97 -8.53 % 4.07 -6.22 %
Vmax (V) 17.35 16.82 -3.05 % 16.77 -3.34 % 17.00 -2.02 % 16.57 -4.50 %

Beyond the experimental errors, we note that each group of extracted model parameters reproduce
the corresponding measured I-V characteristic in an acceptable manner. In addition, from Tables 1, the
measured values are consistent with those of the datasheet of PV module if the tolerance in the given values
by the manufacturer is taken into account (= 10% for the maximum power). In a similar comparison between
the values of some parameters of datasheets of some PV modules and the single diode model results obtained
from measurements at 850 W / m? of irradiance, Mermoud [16] found similar gaps to those in Table 1 for the
same type of PV module, except for Voc where our gap is larger. That can be due to the aging of our PV
module.

Thus, with this original test bench developed in this work and presented in the current contribution,
researchers and professionals working in the application and development fields related to photovoltaic can
easily perform a complete electrical test of commercial PV modules or panels before their use in
experimental works or their implantation in new renewable electrical generators. The results are very
important, as in addition to the validation of the values of the electrical parameters extracted from the
commercial and/or manufacturer datasheets of the PV module under consideration, the bench based on the
simple diode model provides all panel parameters, as the series resistance, the shunt resistance, the ideality
factor, the saturation current and the photocurrent, not generally included in the datasheets and it realizes the
full simulation of its I-V and P-V characteristics at measurement conditions and under STC.

5. CONCLUSION

The Grafical User Interface (GUI) presented in this paper is associated to a fairly complete test and
characterization tools allowing its use by researchers and professionals working in the application and
development fields related to photovoltaic. The two main objectives of this original developement are the
control of an outdoor test bench for PV module and the extraction of all the electrical parameters of PV
module based on the one diode model parameters. These so obtained working parameters are of prior
importance. They are necessary for the implementation of the model in a simulation program and are
generally not given by the manufacturer in the data sheets of PV modules. Additionally, we have
implemented the function related to the simulation of the PV panel within this GUL. It is performed under

LabVIEW interface for controlling a test bench for photovoltaic modules and extraction ... (A. Guenounou)
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measurement conditions to validate the model and at standard test conditions, STC, to calculate the values of
the electrical parameters of the PV module. This allows the comparison between the so-obtained
experimental values with those provided by the manufacturer in the data sheet of the PV module. In this
work, a special care was brought in the user interface by the association of a LabVIEW GUI offering much
interactivity in the test bench allowing to easily performing complete electrical tests of various commercial
PV modules or panels before their use in experimental works or their implantation in new renewable
electrical generators. Finally, an experimental application, done with a commercial PV module for different
pairs of irradiance and temperature illustrates this study and validates the concept and the development of the
test bench and its associated GUI.
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